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Abstract
Susan Michele Teefy.  Performance and Analysis of Tracer Studies
to Determine Compliance with the Disinfection Requirements of the
Surface Water Treatment Rule, (under the direction of Philip C.
Singer)
The Surface Water Treatment Rule includes disinfection
requirement which will apply to all water systems using surface
water sources.  One objective of this project was to conduct
tracer studies at selected water treatment plants in order to
determine the residence time distributions of various process
units.  The plants were evaluated to determine whether they will
be able to comply with the disinfection requirements of the
Surface Water Treatment Rule.  CT's, the Concentration of
disinfectant multiplied by the Time it is in contact with the
water, were determined for each plant under different conditions.
These were compared to CT values supplied by the Environmental
Protection Agency for specific degrees of pathogen inactivation.
A second objective was to develop a more precise method for
estimating the CT.  This theoretical construct, the "effective
CT", made use of the residence time distributions and the kinetics
of chlorine decay to more accurately predict the degree of
pathogen inactivation as expressed by the chlorine concentration
multiplied by the contact time.  All three of plants studied will
be able to meet the disinfection requirements of the Rule.  As
demonstrated by comparing the "effective CT's" to the CT's allowed
by the Surface Water Treatment Rule, a substantial margin of
safety is implied in the degree of inactivation allowed by the
Rule.  Problems were discovered with using fluoride as a tracer in
the presence of aluminum hydroxide; sodium was demonstrated to be
a more effective tracer.
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l.Q INTRODUCTION
The primary purpose of drinking water treatment is to render
the water safe to drink. Diseases such as typhoid and cholera can
spread quickly through a population which is exposed to a
contaminated water supply.  Indeed, such waterborne disease
outbreaks were common around the turn of the century before water
treatment was universally practiced.  Treatment for the prevention
of waterborne disease initially consisted of disinfection; later,
filtration was added as another barrier to pathogenic
contamination.  Because of the widespread use.of chlorine as a
disinfectant, waterborne disease outbreaks in the United States
dropped dramatically, and today such outbreaks are rare.
Recently, a protozoan cyst, Giardia lambXig/ has become a
concern to the water supply industry because this microorganism is
more resistant to chlorination than most waterborne bacteria.  It
has been detected in water supplies and has been implicated in
outbreaks of giardiasis, a type of gastroenteritis. Although it
is not easily inactivated with chlorine, Giardia can be removed
with proper filtration.
Over the last fifteen years, chlorine has been shown to
combine with naturally occurring organic matter in water to
produce by-products which are thought to be carcinogenic.  This
information has caused the water industry to reconsider current
methods of disinfection given competing objectives: disinfect the
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• water to such a degree that pathogens are inactivated, but do not
add so much disinfectant that harmful by-products are formed.
In order to ensure that all water supplied to the public in
the United States meets certain standards for quality. Congress
passed the Safe Drinking Water Act in 1974. This Act includes a
list of standards which all drinking water supplied to the public
must meet.  The SDWA was amended in 1986, and the number of
standards which water suppliers must meet increased almost four¬
fold.  The 1986 amendments also stipulated that all surface water
supplied to the public must be filtered and disinfected.  This was
done mainly because of concern over the occurrence of Giardia
Iambila cysts.  In response to the SDWA amendments, the
Environmental Protection Agency developed the Surface Water
Treatment Rule.  This is a set of specific criteria which apply to
all surface water systems.
According to the Surface Water Treatment Rule, water systems
must demonstrate that they can achieve a 99.9% (3-log) reduction
in the number of viable Giardia cysts and a 99.99% (4-log)
reduction in the number of viable enteric viruses in the finished
water. Rather than monitoring the raw and treated water for these
microorganisms, the SWTR contains a series of filtration and
disinfection technologies which have been shown to achieve the
required reductions. Each surface water system must be operated
in such a way that it meets these treatment requirements.
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Water systems can meet the required degrees of
removal/inactivation by filtration and disinfection, or in some
cases, by disinfection alone.  Depending on the type of filtration
used and the way in which the filters are operated, the regulatory
agency will give a certain removal "credit" to each surface water
system, usually between 2-log and 3-log (99% and 99.9%) removal
credit for Giardia cysts.  The remainder of the
removal/inactivation (1-log to 2-log, 90% to 99%) must be achieved
through disinfection.
In order to demonstrate that a particular disinfection scheme
achieves the required degree of inactivation, CT products are
used.  CT is the product of the Concentration of the disinfectant,
in mg/1, and the Time, in minutes, that the disinfectant is in
contact with the water.  The SWTR contains tables of CT values
that have been demonstrated to achieve specific degrees of
inactivation for various water quality conditions.  If the CT
product for a water treatment plant meets or exceeds those
published in the SWTR tables, then it is assumed that the degree
of inactivation has been achieved. Each plant's compliance status
depends on this demonstration.  Therefore, the methods by which
the values for "C" and "T" are calculated are very important.
The value used in the SWTR for C is the residual disinfectant
concentration at the effluent of the process unit in question. In
the case of chlorine, this approach does not take into account the
fact that chlorine is relatively reactive, and dissipates
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continuously throughout the reactor as it is consumed by
contaminants in the water.  If the oxidant demand of the water is
high, a much higher dose of chlorine may have been added at the
influent to the reactor than was detected at the effluent.  This
means that some elements of the fluid were exposed to a higher
concentration of chlorine than others, although for a shorter
time, while other elements of the fluid were exposed to the
effluent concentration.  These variations in chlorine
concentration and exposure are not accounted for in the SWTR
calculations.
For pipelines, the value used for T in the SWTR is the
theoretical detention time, which is the volume of the pipe
divided by the flow rate.  For mixing basins, storage reservoirs,
and other units, tracer tests must be conducted.  In this case,
the value used for T in the calculation of the CT product is Tio,
the time it takes 10% of the mass of the tracer to pass through
the vessel.  This is a somewhat arbitrary definition of T.  Other,
better defined, methods are available for characterizing the flow
through process units.  The unit can be assumed to behave as an
ideal reactor, or one of several non-ideal flow models can be
used. Residence Time Distributions, or E curves, can be developed
to more precisely define and characterize the behavior of the
reactor.  These methods can give a more accurate picture of what
is happening in the process unit than Tio-
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The objectives of this project were as follows: first,
conduct tracer studies at several selected full-scale water
treatment plants and determine Tjq values for the various process
units exposed to the disinfectants.  Second, calculate the CT
allowed by the SWTR for each water system, and compare these to
the required CT values to determine if the plants are in
compliance with the SWTR disinfection requirements.  Third,
develop Residence Time Distributions (RTDs) for the various
process units at each plant and calculate the effective or actual
CT, based on the RTD and the kinetics of chlorine decay, and
compare these to the CT allowed by the SWTR.
Three full-scale water treatment plants using surface water
sources were evaluated.  These were the Potomac Filtration Plant
and the Patuxent Filtration Plant of the Washington Suburban
Sanitary Commission, located in Laurel and Potomac Maryland; and
the Orange Water and Sewer Authority Filtration Plant in Carrboro,
North Carolina.  Tracer tests were conducted using both the step-
input method and the pulse-input method.  Fluoride was the primary
tracer chemical.
1-5
2.0 BACKGROUND AND THEORETICAL CONCEPTS
2.1 Drinking Water and Health
The connection between treatment of drinking water and
public health is well established in the United States.  Prior to
the introduction of chlorine as a water disinfectant in 1908 and
its subsequent widespread use throughout the country, waterborne
diseases (caused by consumption of water containing pathogenic
microorganisms) such as cholera and typhoid fever were prevalent.
At the turn of the present century, the death rate from typhoid
fever averaged 30 per 100,000 in U. S. communities (1).  After the
introduction of chlorine compounds as water disinfectants, the
incidence of typhoid was substantially decreased, eventually to
less than 0.1 per 100,000 (1).  Other diseases, such as
gastroenteritis, dysentery, and hepatitis, can also be waterborne.
While these are not as likely to be fatal as typhoid or cholera,
they can cause prolonged illness and severe discomfort (2).
Figure 2-1 is an example of the dramatic decline in waterborne
disease fatalities in two typical cities: Pittsburgh, Pennsylvania
and Detroit, Michigan, since their water supplies have been
treated (1).
Treatment of drinking water from about 1910 until about 1970
focused on removing or killing pathogens in order to prevent
waterborne diseases.  The most common form of treatment was the
addition of chlorine to such a level that bacteriological tests
indicated that the water was "safe". The indicator that has been
used for most of the twentieth century is the coliform group of
2-1
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Figure 2-1: Effect of drinking water treatment on waterborne
disease fatalities in the cities of Pittsburgh, Pennsylvania
(top) and Detroit Michigan (bottom) (1)
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bacteria.  Coliform bacteria are present in large numbers in human
and animal wastes.  Coliforms themselves are not disease-causing,
but their presence is a sign that the water may contain fecal
matter and, therefore, pathogenic microorganisms.  If the water
was free of coliforms, then it was assumed to be free of human
pathogens.  Mainly through the use of chlorination, the number of
waterborne disease outbreaks in the U.S. has been greatly reduced.
Even though the incidence of waterborne disease outbreaks has
been greatly reduced since the turn of the century, such outbreaks
still occur.   Table 2-1 summarizes the Environmental Protection
Agency's estimates of the numbers and types of waterborne disease
outbreaks in the U.S. between 1971 and 1981 (3).  The reported
disease incidents probably substantially underestimates the actual
occurrence of waterborne disease.  Many outbreaks, perhaps the
great majority, are not reported (4).
Most recent waterborne disease outbreaks have been attributed
to deficiencies in treatment in water systems using surface water
sources.  From 1971 to 1985, the Centers for Disease Control
reported 106 outbreaks of waterborne diseases, involving over
34,000 individuals, attributed directly to public water systems
using surface water supplies (4).  All surface water supplies are
at risk from pathogenic contamination, while most groundwater
supplies are not. Most microorganisms are removed from
groundwater by natural filtration processes in the course of the
water's passage through the ground.  In order to prevent
2-2
Table 2-1:  Waterborne Disease Outbreaks
in the United States, 1971-1981 (3)
Disease
Gastroenteritis
Giardiasis
Shigellosis
Salmonellosis
Hepatitis A
Campylobacter diarrhea
Viral gasteroenteritis
vibrio cholerae
Rotavirus
TOTALS: 307 75,596
Outbceaks. Individuals.
192 39,845
50 19,863
25 5,448
8 1,150
16 463
4 3,902
10 3,147
1 17
1 1,761
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#waterborne disease outbreaks, surface water must be treated to a
higher degree than groundwater.  In general, surface water systems
using multiple barriers of treatment (i.e., at least filtration
and disinfection) are significantly more effective in preventing
waterborne disease outbreaks (4).
Recently, a particular protozoan microorganism has been
implicated as a major cause of waterborne disease outbreaks.
giardla lamblia has been detected in both raw and treated water
supplies throughout the U. S., particularly in cooler, mountain
regions.  This intestinal parasite can cause giardiasis, a type of
gastroenteritis.  From 1951 to 1970, only 12 cases of giardiasis
were reported in the U. S.  From 1971 to 1981, 50 outbreaks
involving over 20,000 individuals were reported.  While some of
this increase can be attributed to improved reporting and
awareness, the disease is in fact more common because of increased
human presence in watershed areas (5).
Giardia lamblia can be introduced into water supplies by
mammals other than humans. An outbreak of giardiasis in Camas,
Washington that infected some 600 people, or 10-15 percent of the
population, was believed to be introduced by beavers (6).  Giardia
cysts appear to be continuously present, though at low
concentrations, even in relatively pristine rivers (7).
Giardia cysts are known to be more resistant to disinfection
than coliform bacteria.  They can remain viable for up to 2 months
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in cold water (6).  It is entirely possible for a water system
that is contaminated by Giardia cysts to have no detectable
coliform bacteria and still have viable Giardia cysts present.
The same is true for enteric viruses, since their presence or
absence is not necessarily reflected by coliform tests.  Indeed,
documented outbreaks of giardiasis have occurred in water systems
which employed chlorination and detected no coliform bacteria in
the system (4).  Treatment in addition to disinfection, such as
filtration, can be used to combat Giardia.  Since the cysts are
relatively large (between 7 and 12 micrometers), they can be
removed by filtration (6).  Filtration is not effective unless the
raw water has been properly conditioned via coagulation and
flocculation to such an extent that small particles can be
removed.  In the Rocky Mountain region of the country, it has been
common practice to eliminate the addition of coagulating chemicals
to low-turbidity surface waters in the winter.  This is done
because the raw water turbidity levels already meet drinking water
standards, and effective coagulation and flocculation can be
difficult under these conditions.  In such areas, giardiasis is
endemic (6).
In order to ensure that water supplied to the public is safe.
Congress passed the Safe Drinking Water Act (SDWA) in 1974.  The
Act stipulates that all water supplied to the public must meet
certain standards for quality. The SDWA directed the
Environmental Protection Agency (EPA) to develop a list of
contaminants that might be found in water systems and set maximum
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# allowable levels for these contaminants.  EPA sets the Maximum
Contaminant Levels (MCLs) based on the health effects of each
contaminant, as well as on the technology available to detect and
remove the contaminant.
In most of the United States, each state enforces the
provisions of the SDWA for the water systems within that state.
Each water supplier is responsible for taking samples of the water
at regular intervals, seeing that these are properly analyzed, and
getting the results to the appropriate regulatory agency.  The
suppliers of water are subject to enforcement action if they
supply water which does not meet the standards.  In this way, the
public can be assured that the water they are drinking is safe.
In addition to contaminants which have acute or short-term
health effects such as the pathogenic microorganisms discussed
above, the SDWA addresses chemicals which have chronic or long-
term effects.  Compounds which have been found to have chronic
effects such as cancer have shifted the emphasis of the water
supply industry from prevention of waterborne diseases to removal
of these carcinogenic compounds.  The technology for detecting
these compounds and understanding their health effects has
improved greatly over the last 20 years.  Ironically, some of the
compounds of greatest concern are those formed when chlorine is
added to water.  Some of these disinfection by-products have been
shown to be carcinogenic. This creates conflicting objectives for
the water supply industry: disinfect the water sufficiently so
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that it does not cause waterborne diseases, but do not add so much
disinfectant that harmful disinfection by-products are formed.
In 1986, Congress amended the Safe Drinking Water Act.  The
amendments directed the EPA to develop additional MCLs, expanding
the number of contaminants regulated from 23 to 83.  The
Amendments also directed EPA to establish criteria whereby surface
water systems would be required to filter their water, and all
water systems would be required to disinfect their water (8).
These last two requirements may prove to be the most far-reaching
to date, affecting every water system in the country and costing
billions of dollars.
2,2  The Surface Water Treatment Rule
In response to the SWDA Amendments, EPA developed the Surface
Water Treatment Rule (SWTR) in June 1989.  This rule applies to
all public water systems which use surface water as a source of
supply. The goal of the SWTR is to control five contaminants:
Glardia lamblia. enteric viruses, Legionella, turbidity, and
heterotrophic bacteria.  Rather than setting an MCL for each of
these contaminants, EPA developed treatment requirements to
minimize and control their entry into water distribution systems
(9).
According to the SWTR, each water system that uses surface
water must demonstrate that it achieves at least 99.9% (3-log)
removal and/or inactivation of Giardia cysts and at least 99.99%
, 2-6
(4-log) removal and/or inactivation of viruses.  These levels of
treatment can be achieved by a combination of filtration and
disinfection, or by disinfection alone.  Water systems using
groundwater are exempt from the SWTR unless they are shown to be
under the direct influence of surface water (9).
The SWTR specifies filtration technologies which, when
properly operated, will achieve the given removal rates.  For
example, conventional treatment, which includes coagulation,
flocculation, sedimentation, and filtration, can be expected to
achieve between 99% (2-log) and 99.9% (3-log) removal of Giardia
cysts.  Other filtration technologies include direct filtration
(this is the same as conventional filtration excluding
sedimentation), slow sand filtration, and diatomaceous earth
filtration.  Table 2-2 shows the range of Giardia and virus
removals that can be expected from each type of filtration (10).
Surface water systems can use any of the approved filtration
technologies so long as the total removal/inactivation by
filtration and disinfection of Giardia cysts and viruses for the
entire system is 99.9% and 99.99%, respectively. Water systems
with very clean, protected sources of supply may only be required
to disinfect to meet the criteria if they meet other prescribed
requirements such as watershed protection and additional
monitoring.
Each state will have to determine on a case-by-case basis
whether each of its water systems meets the required degree of
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Table 2-2:  Expected Removal Rates for
Different Filtration Technologies
(without disinfection) (10)
log removals
Typp of Filtration
Giardia
Removal
virus
Removal
CONVENTIONAL
(coagulation, flocculation,
sedimentation, and filtration)
2-3 1-3
DIRECT
(coagulation, flocculation,
and filtration, excluding
sedimentation)
2-3
SLOW SAND 2-3*
(low velocity, usually less than
0.4 m/h, biological process)
DIATOMACEOUS EARTH 2-3*
(precoat cake deposited on septum,
continuous body feed)
1-3
1-2
*These technologies generally achieve greater than 3-log
removal.
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removal/inactivation.  EPA recommends that states give systems
"credit" for 2.5-log removal of Giardia and 2-log removal of
viruses for conventional treatment plants that are optimized for
turbidity removal.  The remainder of the treatment requirement is
to be accomplished through disinfection (e.g. the systems would
have to disinfect sufficiently to achieve 68% (0.5-log)
inactivation of Giardia and 2-log inactivation of viruses) (10).
2.3 The CT Concept for Inactivation
In order to demonstrate that a particular disinfection scheme
is achieving the required inactivation rate, it is not necessary
to monitor the raw and treated water for the microorganisms.  The
Surface Water Treatment Rule makes use of CT products, which are
the product of the disinfectant Concentration (C) and the Time it
is in contact with the water (T).  The SWTR and the accompanying
Guidance Manual contain CT tables for various disinfectants at
different pH levels and temperatures.  The values in the tables
were generated from a statistical analysis of data for Giardia
cyst inactivation kinetics which used both animal infectivity
studies and excystation studies for Giardia cyst viability (10).
Each water system must demonstrate that the product of its "C" and
"T" is equal to or greater than the level shown in the tables.
Appendix I includes the CT tables published in the Guidance
Manual.
The theory behind the CT product is the disinfection model
developed by Chick in 1908 (11).  The model describes the rate of
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destruction of microorganisms as a first-order reaction with
respect to the population of bacteria, as follows:
In -^ = -kt (2-1)No
where N = number of organisms present at time t
No = number of organisms present at time zero
k = rate constant, time"'^
t = time
Watson (12) later produced an equation from Chick's data
which included the concentration of the disinfectant used.  This
equation is referred to as the Chick^Watson Law:
In -^ = -LC"t (2-2)No
where C = concentration of disinfectant
L = coefficient of specific lethality
n = coefficient of dilution
Usually, n is assumed to be 1.0.  Both k and L depend on the
disinfectant used, the microorganism of concern, and the pH and
temperature of the water.  Therefore, for a given set of water
quality conditions, the product of C and T determines the degree
of inactivation (In N/No) for a specific microorganism and a
specific disinfectant.  Table 2-3 lists CT values for inactivation
of Giardia using free chlorine for two pH values and two
temperatures. According to this table, for a 0.5-log inactivation
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Table 2-3:  Selected CT values for Giarriia Inactivation (10)
Disinfectant: Free Chlorine
Temperature:  0.5°C
pH: 6.0
Disinfectant: Free Chlorine
Temperature:  25°C
pH: 6.0
Chlorine Chlorine
Cone. log inactivation Cone. log inactivation
(mo/l)_ 0.5 1.0 _ 1.5 _ 2.0 _ 2.5 _ 2.Q. (mo/lL 0.5_ 1.0 _ 1.5 _ 2.0  _2.5 _ 3.a
<0.4 23 46 69 91 114 137 <0.4 4 8 12 16 20 24
0.6 24 47 71 94 118 141 0.6 4 8 13 17 21 25
0.8 24 48 73 97 121 145 0.8 4 9 13 17 22 26
1.0 25 49 74 99 123 148 1.0 4 9 13 17 22 26
1.2 25 51 76 101 127 152 1.2 5 9 14 18 23 27
1.4 26 52 78 103 129 155 1.4 5 9 14 18 23 27
1.6 26 52 79 105 131 157 1.6 5 9 14 19 23 28
1.8 27 54 81 108 135 162 1.8 5 10 15 19 24 29
2.0 28 55 83 110 138 165 2.0 5 10 15 19 24 29
2.2 28 56 85 113 141 169 2,2 5 10 15 20 25 30
2.4 29 57 86 115 143 172 2.4 5 10 15 20 25 30
2.6 29 58 88 117 146 175 2.6 5 10 16 21 26 31
2.8 30 59 89 119 148 178 2.8 5 10 16 21 26 31
3.0 30 60 91 121 151 181 3,0 5 11 16 21 27 32
Disinfectant: Free Chlorine
Temperature:  0.5''C
pH: 8.0
Disinfectant:   Free Chlorine
Teit^jerature:     25°C
pH:   8.0
Chlorine Chlorine
Cone. log inactivation Cone. log inactivation
(mg/1). 0.5. 1.0 1.5 _ 2.0 _ 2.5 _ 3.0 fin<7/n 0.5 1.0 1.5 _ 2.0 2.5 3.0
<0.4 46 92 139 185 231 227 <0.4 8 17 25 33 42 50
0.6 48 95 143 191 238 286 0.6 9 17 26 34 43 51
0.8 49 98 148 197 246 295 0.8 9 18 27 35 44 53
1.0 51 101 152 203 253 304 1.0 9 18 27 36 45 54
1.2 52 104 157 209 261 313 1.2 9 18 28 37 46 55
1.4 54 107 161 214 268 321 1.4 10 19 29 38 48 57
1.6 55 110 165 219 274 329 1.6 10 19 29 39 48 58
1.8 56 113 169 225 282 338 1.8 10 20 30 40 50 60
2.0 58 115 173 231 288 346 2.0 10 20 31 41 51 61
2.2 59 118 177 235 294 353 2.2 10 21 31 41 52 62
2.4 60 120 181 241 301 361 2.4 11 21 32 42 53 63
2.6 61 123 184 245 307 368 2.6 11 22 33 43 54 65
2.8 63 125 188 250 313 375 2.8 11 22 33 44 55 66
3.0 64 127 191 255 318 382 3.0 11 22 34 45 56 67
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of Glardia by free chlorine at pH = 6.0, a temperature of 0.5°C,
and a chlorine concentration of 2.0 mg/1, a CT value of 28 mg/l-
min (and thus a contact time of 28/2 or 14 minutes) would be
required.  If the pH stays at 6.0 but the temperature is raised to
25°C, a CT value of only 5 mg/l-min (and thus a contact time of
5/2 or 2.5 minutes) would be required.  CT tables are provided for
various pH values, temperatures, disinfectants, disinfectant
concentrations, and microorganisms.  Illustrative examples of the
tables included in the Guidance Manual are included in Appendix I.
When chlorine is used as the disinfectant in a water system,
the CT required to achieve a 3-log inactivation of Giardia cysts
is always greater than that required to achieve a 4-log
inactivation of viruses.  Thus a water system using chlorine need
only be concerned with meeting the Giardia inactivation
requirement since at this level, the virus inactivation
requirement will also be met.  This is not the case for all
disinfectants, most notably chloramines.  However, this report
focuses mainly on the use of chlorine as a disinfectant, so
emphasis will be placed on Giardia inactivation instead of virus
inactivation.
2.4  Determination of C and T
The Surface Water Treatment Rule specifies the way in which
the values of C and T are to be determined for each water
treatment system. C is the residual concentration, in mg/1, of
the disinfectant at the effluent of the process unit or reaction
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chamber in question.  For example, it might be the free chlorine
residual at the effluent of a clearwell.  Any point prior to the
first customer can be used for analysis of the disinfectant
residual.  When ozone is used as the disinfectant, different
procedures are suggested for determination of C due to its
extremely reactive properties and its mode of application.  This
report focuses primarily on the use of chlorine for disinfection.
T is the amount of time, in minutes, that the disinfectant is
in contact with the water.  This is the time it takes the water,
during peak hourly flow, to move between the point of disinfectant
application to a point where the disinfectant residual
concentration is measured prior to the first customer.  For
pipelines, T is assumed to be the theoretical detention time,
i.e., the volume of the pipe divided by the flow rate.  However,
in mixing basins, storage reservoirs, and other treatment plant
process units and reaction chambers, T must be determined by
tracer tests or other methods approved by each state. When tracer
tests are used, the value chosen for T, referred to as T^o, must be
the time it takes 10% of the tracer to pass through the tank (10).
Ninety percent of the water spends at least this amount of time in
the tank. The value of Tio will always be less than the
theoretical time, and if there is a large amount of short
circuiting through the unit, it may be significantly less.
In some situations, conducting tracer studies for determining
Tio may be impractical or prohibitively expensive.  In such cases,
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the Guidance Manual (10) suggests regulatory agencies use standard
fractions representing the ratio of Tio to T (T being the
theoretical detention time) for the determination.  Tracer studies
conducted by Marske and Boyle (13) and Hudson (14) on chlorine
contact chambers and flocculation-sedimentation basins,
respectively, were used as a basis in determining these
representative fractions for various basin configurations.  The
ratio Tio/T was calculated from the data presented in the studies
and compared to the associated hydraulic flow characteristics.
Values of Tio/T ranged from 0.3 to 0.7.  The results indicated a
correlation between Tio/T and the contact basin baffling
conditions, particularly at the inlet and outlet to the basin.
The values of Tiq/T were defined for three levels of baffling
conditions rather than for particular types of contact basins.
General guidelines were developed relating T^q/T values to the
corresponding baffling conditions.
Three general classifications of baffling conditions — poor,
average, and superior — were developed in the Guidance Manual to
categorize the results of the tracer studies.  The values
associated with each degree of baffling are as follows:
poor:    0.1 - 0.3 unbaffled inlet and outlet, no
intra-basin baffling
average:  0.4 - 0.6 intra-basin baffling and either a
baffled inlet or outlet
superior: 0.7 - 0.9 at least baffled inlet and outlet and
possibly some intra-basin baffling
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The Guidance Manual includes examples of basins which fit into
each of these categories.  From these examples, an estimate of the
ratio Tio/T can be made.
The relative CT contributions to the overall inactivation in
each portion of a system are additive.  Disinfectant residuals and
contact times can be measured in more than one location, and the
sum of the degrees of inactivation is the overall degree of
inactivation for the entire system.  For example, consider a
system which is required to achieve a 99.9% (3-log) inactivation
of Giardia cysts.  The total inactivation achieved would be
calculated by  ,
1. measuring the disinfectant residual, C, at any number of
locations in the treatment train;
2. determining the travel time, Tio* between the points of
disinfectant application and each disinfectant measurement;
3. calculating the CT for each point of residual
measurement, CTcaicr   and determining CTgg.g required from
published tables in the Guidance Manual;
4. determining the inactivation ratio, CTcaic/CTgg.g for each
segment; and
5. summing the inactivation ratios for each segment, i.e.
CiTi/CTgg.g + C2T2/CT99.9 + ... + CnTn/CTgg.g to determine the
overall inactivation ratio.
If the total inactivation ratio is equal to or greater than 1.0,
the system provides greater than 99.9% inactivation of Giardia
cysts, and would meet the disinfection requirement.
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2.5.  Chemical Reactor Theory and Flow Models
Several different theoretical models can be used to describe
the flow of fluid through a vessel.  In many cases, the flow can
be idealized, and simple flow model assumptions can be used.  Two
of the simplest and most commonly used are the Continuously
Stirred Tank Reactor (CSTR) and the Plug Flow Reactor (PFR).
The CSTR model assumes that the flow in the vessel is
completely mixed and uniform, and that the concentration of a
particular chemical at the effluent of the vessel is the same as
that throughout the entire vessel.  The PFR model assumes that the
flow through the vessel is unidirectional, with no element of
fluid mixing in the axial direction, but complete mixing in the
transverse direction.  In the PFR, there can be a concentration
gradient from one end of the vessel to the other.  These two
models are often represented as shown in Figure 2-2.
In order to determine whether a particular model is a good
approximation of the fluid flow in an actual vessel, tracer tests
are often used. A conservative, non-reactive chemical is
introduced into the vessel at the influent, and its effluent
concentration is monitored over time.  The resulting graph of
concentration vs. time may indicate which type of model is most
appropriate. Real reactor vessels are often somewhere in between
an ideal CSTR and PFR.
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Continuously Stirred Tank
Reactor (CSTR)
Plug Flov Reactor
(PFR)
Figure 2-2: Ideal Reactor Hodels.
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Two types of tracer tests are usually conducted: the pulse-
input test and the step-input test.  In the first type, a discrete
amount of the tracer is introduced into the vessel all at once.
In the second type, the tracer is fed to the influent uniformly
and continuously.
Tracer tests yield predictable results for ideal vessels.
Figure 2-3 shows the responses to each type of tracer test for
reactors that can be characterized as CSTRs or PFRs.  Real reactor
flow behavior often cannot be classified as either a CSTR or a
PFR.  Most reactors have characteristics somewhere in between the
two.
The results of tracer tests can be used directly to determine
the Residence Time Distribution (RTD) of the flow through the
reactor, as described by Levenspiel (15).  In this analysis, each
element of fluid takes a different route through the vessel, and
each may require a different length of time to pass through the
vessel.  The distribution of these different times for the stream
of fluid leaving the vessel is called the Residence Time
Distribution or exit age distribution, and is represented by E.
The RTD is represented in such a way that the area under the
tracer curve is unity, or
\ E dt = 1 (2-3)
This is called normalizing the distribution, and E has units of
time"^. With this representation, the fraction of the flow that
spends an amount of time in the vessel between t and t + dt is
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Figure 2-3: Response of ideal reactors to tracer tests (15).
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E dt. (2-4)
The fraction "younger" than ti is
E dt (2-5)^}ͣ'0
while the fraction "older" than ti is
(e dt = 1 - [e dt (2-6)
These principles are shown in Figure 2-4.
The E curve is the distribution which describes nonideal flow
in vessels.  It can be developed from a pulse-input tracer test by
dividing each measured effluent concentration, C^, by the total
area under the concentration-time curve, or
ICiAtiEi = vvrt- (2-7)
For a step-input test, another type of curve, called an F
curve, can be developed.  This is done by normalizing the
concentration vs. time graph for a step-input test by dividing
each measured effluent concentration, Ci, by Co, the tracer feed
concentration.  In this way, the F values always range from 0 to
1.  Figure 2-5 is an example of an F curve (15).
The E curve and F curve are related according to the
following equation:
dF
E = ^ (2-8)
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Fraction of exit stream
older than (i
Figure 2-4: Normalized Residence Time Distribution (RTD)
or E curve. (15)
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step input signal
Tracer output signal
or F curve
Figure 2-5: F curve from step-input tracer test. (15(1 )
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Hence, the slope of each segment of the F curve is a point on the
E curve.  In this way, an E curve can be developed from a step-
input test, and an F curve can be developed from a pulse-input
test.
Once the flow through a reactor vessel has been characterized
by an E curve, predictions can be made about its behavior.  Two
important parameters which can be used to characterize the RTD are
the mean residence time, t, and the spread of the curve, which is
characterized by the variance, o" ^.  For normalized distributions
with discrete measurements, these parameters can be calculated
from the E curve as follows (15): •
t = ItiEiAt (2-9)
cr^ = Iti^ EiAt - t} (2-10)
Several flow models have been developed to characterize non-
ideal flow behavior.  These models describe the flow in terms of a
single parameter which would yield the same tracer response as for
the real reactor under consideration.  Two such models that are
commonly used are the "tanks-in-series" model and the "plug flow
reactor model with dispersion" (15).  In the "tanks-in-series"
model, the reactor is assumed to behave as a series of CSTRs of
equal volume.  Figure 2-6 is an example of the response to a step-
input tracer test (an F curve) for various numbers of tanks in
series, assuming the tracer is introduced into the first tank. As
N, the number of tanks in the model, increases, the response
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Figure 2-6: Tracer response for tanks-in-series model,
N is the number of equally-sized CSTR's in model. (16)
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approaches that of a plug flow reactor (16). The number of CSTRs
in series which would most closely approximate the behavior of the
reactor can be determined from the mean and variance as follows
(15):
N = —S- (2-11)c
where N is the number of equally-sized tanks.
For the tanks-in-series model, the F curve which would result
from a tracer test can be calculated as follows (16):
^   ,     --Nt. ,, Nt ,Nt,2 1       ,Nt,N_i   1       _ ,-,F = l-exp(^^).{l+-^f (^1-)^ T^ . . . + {-:r)        ,y,_..  , }   (2-12)t     t  t  ^-      t    ^w i; .
where t is the mean residence time for the real reactor.
Similarly, the E curve which would results from the tanks-in-
series model is as follows (15):
E = -^ . (r)"'^ • t^\ .  , exp(-t/t) (2-13)Nt   t     (^  ^) •
The "plug flow with dispersion" model assumes that the
reactor acts like a PFR but has some mixing in the direction of
flow.  The parameter which measures the extent of axial dispersion
is D/uL, the dispersion number.  In this model, D is the parameter
which characterizes the degree of backmixing during flow, L is
length along the reactor, and u is the average velocity of the
fluid in the axial direction. If D/uL approaches zero, dispersion
is negligible and the vessel approaches plug flow behavior.  If
D/uL is very large, the flow is mixed, and the reactor
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approximates a CSTR.  Figure 2-7 shows the normalized tracer
response to a range of dispersion numbers (15).  This plot has
been normalized such that
e = ^ and Ee = Et (2-14)
t
where t is the mean residence time.
Once the mean and variance are known, the dispersion number,
D/uL can be calculated using the following relationship (15):
^ = 2^ - 2(~)2(1 - e-""^-^) (2-15)
The Ee curve which would result from the plug flow with dispersion
model is as follows (15):
Ee = —r===^ exp(-.j^"^\. ) (2-16)2Vjie(D/uL)      4e(D/uL)'
2.i      Kinetics of Chlorine Decay and Pathogen Inactivation
Chlorine is a strong oxidant as well as a powerful
disinfectant.  Natural waters usually have an oxidant demand due
to inorganic and organic contaminants present. Chlorine added to
drinking water will be consumed over time.  It has been suggested
(17) in some cases that the dissipation of chlorine in natural
waters can be approximated as a first order chemical reaction,
i.e.
C = Coe"'''' (2-17)
where C = chlorine concentration at time t
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Figure 2-7:   Plug flow with dispersion model,   normalized
response to pulse-input test   (15).
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Co = chlorine concentration at time zero
k = rate constant, time"'^
t = time
Each water supply is unique, containing different contaminants at
different concentrations, and thus exhibits a different chlorine
demand. It is likely that the kinetics of chlorine dissipation can
not be simplified so easily, and that k varies over a wide range.
However, a first-order assumption is a typical starting point in
attempting to characterize such kinetics.
The value used for C in the SWTR is the residual
concentration leaving the process unit in question.  In the case
of chlorine, this approach does not take into account the fact
that chlorine is continuously dissipating throughout the vessel
and that the concentration within the vessel is higher than in the
effluent.  If the oxidant demand of the water is high, a higher
dose of chlorine would have been added at the influent than was
detected leaving the vessel. The measured concentration in the
effluent is an integrated measure of the residual chlorine for
various elements of fluid spending different amounts of time in
the reactor.  This means that some elements of the fluid were
exposed to a higher concentration of chlorine than others,
although perhaps for a shorter time, while other elements of fluid
were exposed to the effluent concentration.  These variations in
chlorine concentration are not accounted for in the SWTR method
for calculating CT as a measure of disinfection effectiveness.
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If the kinetics of chlorine dissipation are known and the RTD
of the vessel can be characterized, this information can be used
to give a clearer picture of the actual extent of chlorine contact
and its corresponding degree of pathogen inactivation on the basis
of exposure to the disinfectant.  Using the E curve, each element
of fluid can be assumed to be exposed to a different concentration
of chlorine for a different amount of time.  The concentration to
which it is exposed depends on the residence time of that element
of fluid.  These incremental elements then can be summed up to
give an "effective CT" which more accurately reflects the exposure
conditions in the vessel.  Mathematically, this can be expressed
as
effective CT = LEi • Ati • Coe""^^^ • ti (2-18)
In the preamble to the Surface Water Treatment Rule, EPA
acknowledged that the method for computing the CT product is
conservative: "the product of C and T will reflect a substantially
lower CT value than would actually be in effect and thus result in
the determination of a substantially conservative estimate of
percent inactivation from the CT tables in the Rule." Applying
Equation 2-18 for data generated from tracer studies at full-scale
water treatment plants will lead to a more precise estimate of
pathogen inactivation and an indication of the degree to which the
Surface Water Treatment Rule over-estimates the degree of
inactivation.
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ͣ•^.n  EXPERIMENTAL METHODS
3.1  Description of Plants
Tracer tests were conducted at three water treatment plants:
the Patuxent Filtration Plant of the Washington Suburban Sanitary
Commission (WSSC) in Laurel, Maryland; the Potomac Filtration
Plant of the WSSC in Potomac, Maryland; and the Orange Water and
Sewer Authority (OWASA) Filtration Plant in Carrboro, North
Carolina.  The WSSC system serves approximately 1.1 million people
in the area of Maryland immediately north of Washington, D.C.  The
OWASA system serves approximately 60,000 people in the towns of
Chapel Hill and Carrboro, North Carolina.
The Patuxent plant was studied because WSSC is considering
adding ammonia at some location in the treatment train (after
chlorination) in order to reduce trihalomethane (THM) levels in
the finished water.  Once ammonia is added, further formation of
THMs is halted.  The Commission needs to make sure that enough
contact time with free chlorine is achieved to meet the CT
requirements of the Surface Water Treatment Rule before ammonia is
added.  The addition of ammonia to chlorinated water creates
combined chlorine or chloramines.  Chloramines are much less
powerful disinfectants than free chlorine, and thus require much
higher CT values.
The Potomac plant was studied to determine the contact time
for free chlorine through the finished water reservoirs. Unlike
the Patuxent plant, WSSC has no immediate plans to explore the use
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of ammonia for Potomac.  However, there is some concern about the
chlorine contact time available at the plant in its current
configuration.  A relatively large amount of water passes through
a relatively small set of finished water reservoirs, and WSSC is
concerned that they might not be able to meet the CT requirement
of the Surface Water Treatment Rule at the Potomac plant.
Because of its proximity to the University of North Carolina
at Chapel Hill, the OWASA plant was chosen for an additional set
of tracer tests for purposes of comparison with the WSSC plants.
Each of the three plants is described below.
3.1.1 WSSC Patuxent Filtration Plant
The Patuxent plant is part of the Washington Suburban
Sanitary Commission system, supplying about one quarter of the
water needed for the service area in east-central Maryland.  The
source of supply is the Patuxent Reservoir, fed by the Patuxent
River. Average flow for the plant is 55 million gallons per day
(MGD) and peak flow is 72 MGD.  Water quality in the Patuxent
Reservoir is good; the concentration of natural organic matter is
fairly low (18) .  The quality is relatively consistent, since the
reservoir is able to absorb the shocks of higher contaminant
loadings that might wash down the river during the rainy season.
The Patuxent plant is a conventional treatment plant,
according to the definition in the SWTR.  Figure 3-1 is a
schematic flow diagram of the plant. Although the schematic of
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the treatment train is conventional, the plant layout is not.
Many of the process units are round and much of the flow is
radial, rather than linear.  Figure 3-2 is a plan view of the
plant.
Raw water enters the rapid mix chambers in the main chemical
building where alum and polymer are added for coagulation.  Raw
water pH varies from 6.8 to 7.2, and is typically depressed to
between 6.2 to 6.5 by the addition of alum.  Water temperature
varies from about 3°C in the winter to about 22°C in the summer.
The flow is then split into four different pipes, each of which
supplies one filter unit.  Each filter unit has its own
flocculation and sedimentation areas.  The sedimentation areas are
doughnut-shaped, surrounding the filters in each unit.  Each unit
has six separate filters, arranged like pieces of a pie inside
each sedimentation basin.  These six filters are operated
independently, i.e., they are backwashed at different times and
have different run lengths.  Each of the four filter units has two
chlorine injection points.  Chlorine is injected into the pipes
through which the settled water travels on its way to the filters.
Chlorine doses average between 3.75 mg/1 and 4.25 mg/1, and
residuals of about 2.0 mg/1 and 1.5 mg/1 are detected at the
effluents of the filters and clearwells, respectively.
Effluent from the six filters in each unit is collected into
a common pipe at the base of each unit. The four collector pipes
from the four filter units come together at the effluent blenders,
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which are in-line mixers in the discharge pipes.  Fluoride is
injected into these blenders, and the pH is raised to between 8
and 8.5 with lime (Ca(0H)2)-  Finished water flows from the
effluent blenders to the seven reservoirs or clearwells.  These
clearwells are operated in parallel, i.e., water can flow to any
or all of the reservoirs from the effluent blenders, depending on
the elevation of the water in each.  The seven Patuxent tanks have
a combined storage capacity of 18.36 million gallons.  Under
average flow conditions (55 MGD), the theoretical detention time
in the clearwells is 8 hours.  On the opposite sides of the
clearwells, finished water is collected into the main distribution
lines.  There are three lines leaving the plant for the
distribution system: Prince Georges 1 (PGl), Prince Georges 2
(PG2), and the pumping station.  The PGl and PG2 lines are gravity
flow, and they are used for most of the year.  The pumping station
is only used under very low flow conditions.
3.1.2 WSSC Potomac Filtration Plant
The Potomac plant is also part of the Washington Suburban
Sanitary Commission system.  It supplies approximately three
fourths of the water used by the system. Average flow through the
plant is 135 MGD, and peak capacity is 300 MGD. The source is the
Potomac River at the community of Potomac, Maryland.  Water
quality is quite variable; raw water turbidities can range from
about 5 nephelometric turbidity units (NTU) to over 300 NTU after
a storm. The amount of natural organic matter in the water can
also vary considerably with the seasons.  Temperature varies from
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O.S^C in the winter to over 30°C in the summer.  The Potomac plant
is a conventional treatment plant according to the definition in
the Surface Water Treatment Rule.  Figure 3-3 is a schematic of
the treatment operation, and Figure 3-4 is a plan view of the
plant.
The Potomac plant operates as two plants in parallel and,
with a few minor exceptions, one side is the mirror image of the
other.  Raw water is pumped from the river to both of the two
flocculation-sedimentation basins.  Raw water pH varies between
7.0 and 8.8, averaging about 8.0.  This pH is adjusted to between
8.2 and 8.6 with lime in the rapid mix chambers, which is the same
point where ferric chloride and polymer are added for coagulation.
Powdered activated carbon is added seasonally at this point to
control tastes and odors.  The water flows through the basins from
south to north.  The basins and finished water reservoirs on the
east side are referred to as #2 and #4, while those on the west
side are called #1 and #3,  From the sedimentation basins, water
flows directly into the banks of filters.  There are 32 individual
filters; numbers 1 through 16 are on the west side and 17 through
32 are on the east side. Filtered water flows back south from the
filters to the finished water reservoirs, located at the southern
end of the plant.
After filtration, the water is fluoridated and chlorinated.
Both the fluoride and chlorine injection points are in the same
lines leaving the filters and flowing to the reservoirs.  The
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fluoride is added first, then the chlorine is applied at a point
480 feet downstream in the same pipe.  During peak flow in the
east side, for example, these two injections are about 23 seconds
apart.  The addition of chlorine and fluoride depresses the pH to
about 7.6.  The average chlorine dose is 4.1 mg/1.  Chlorinated
water then flows through the finished water reservoirs.  These
tanks are rectangular, and they have a series of baffle walls that
were installed after the plant was completed.  The finished water
reservoirs have a total capacity of 22 million gallons, so under
average flow conditions the theoretical detention time through
these tanks is 3.9 hours.  When the plant is operating at peak
flow, this theoretical time decreases to 1.8 hours.  An average
chlorine residual of 2.6 mg/1 is detected at the effluent of the
clearwells, and this residual varies between 1.6 mg/1 in the
winter and 3.3 mg/1 in the summer.
Water from both the east and west finished water reservoirs
flows to the finished water pumping station, located between the
two sets of tanks.  From the station, water is pumped to the
distribution system.
3.1.3 OWASA Filtration Plant
The Orange Water and Sewer Authority plant serves the towns
of Chapel Hill and Carrboro, North Carolina.  There are two
sources of supply for the OWASA plant: University Lake, which is
fed by Morgan Creek, and the Cane Creek reservoir. At the time
this study was conducted. Cane Creek water was flowing into
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University Lake, mixing with the lake water, and being pumped to
the plant.  (A new transmission line was under construction which
would carry water directly from the Cane Creek reservoir to the
plant, bypassing the lake.)  Plant capacity is 8 MGD, and it is
usually operated at or near this flow rate.  The demand varies
greatly with the seasons, primarily because of the presence of the
University of North Carolina in Chapel Hill.  During the school
year, the plant experiences a much greater demand than in the
summer due to the transient student population.  A schematic of
the OWASA plant is shown in Figure 3-5, and Figure 3-6 is a plan
view of the facility.
Raw water is pumped to the plant from University Lake.
Temperatures in the plant vary from 5°C in the winter to over 40°C
in the summer.  The pH of the raw water varies between 6.9 and
7.1.  In the rapid mix area,  alum and polymer are added as
coagulants.  Powdered activated carbon and potassium permanganate
are sometimes added at this point to control tastes and odors, and
iron and manganese, respectively.  Addition of alum depresses the
pH to between 6.2 and 6.5.  From the rapid mix basins, water flows
through the flocculation chambers, then into a header which feeds
all five of the sedimentation basins. Each sedimentation basin
normally supplies one filter, although flow can be diverted to any
of the five filters from any of the sedimentation basins.
Chlorine is added at five locations, the five influents to the
filters. The chlorine dose varies between 4 mg/1 and 7 mg/1, with
an average of about 5 mg/1. Chlorine residuals of approximately
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2.5 mg/1 and 1.9 mg/1 are typically detected at the effluent of
the filters and clearwell, respectively.  The chlorine demand of
the water is appreciably higher that that of the WSSC systems.
After filtration, water from all five filters is collected in
a common pipe, and flows into the clearwell.  Fluoride is added in
this line, upstream of the clearwell, and the pH is adjusted to
about 7.3 with caustic soda (NaOH).  The clearwell is rectangular
and is not baffled.  It has a capacity of 1.5 million gallons, and
the theoretical detention time under average flow is 4.5 hours.
The inlet and outlet structures are located on the same side of
the tank.  Finished water is pumped from the clearwell to the
distribution system.
3.2 Experimental and Analytical Methods
Two types of tracer tests were conducted at the three water
treatment plants: step-inputs and pulse-inputs.  Fluoride was used
as the tracer in most of the tests because it is non-reactive and
non-toxic, and it is already used at the three plants, making it
readily available and convenient.  Sodium was used for two pulse
input tests in order to verify the fluoride results.  Generally,
step-inputs were done to analyze the residence time distributions
(RTDs) of finished water reservoirs and pulse-inputs were done to
determine the RTDs of filters.  This is because all three plants
add fluoride after filtration and before finished water storage,
and the equipment for the step-input tests was already in place.
The two types of tests are described below for each plant.
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3.2.1 Step-Input Tests (Finished Water Reservoirs)
In a step-input test, the tracer is fed to the reactor vessel
continuously, and its concentration in the effluent is monitored
over time.  (See Section 2.5 for theory.)  Under normal operating
conditions at all three plants, fluoride is fed continuously into
the water upstream of the clearwells.
For the step-input tracer tests, the fluoride feed to the
clearwells was turned off initially.  This was considered the
start of the test, "time zero." The fluoride concentration in the
effluent of the tanks was monitored over time until the
concentration of fluoride leaving the tanks decreased to the same
concentration as the raw water.  If another test was to be run at
this point, the fluoride feed to the clearwells was turned back
on, and the concentration in the effluent was monitored.  This
time, monitoring continued until the fluoride concentration in the
effluent increased to the level of the feed concentration.  In
this way, the second test could be used to verify the results of
the first.
As a rule of thumb, the duration of the step-input test was
at least three times the theoretical detention time (volume
divided by flow rate) through the basins (19). The time between
sample collection usually was some fraction of the theoretical
time, ranging from 1/4 to 1/8. After about two theoretical
detention times, the sampling frequency was decreased.  The flow
3-9
rate through the clearwells and the volume of water in the
clearwells was kept constant throughout each test.
Step-input tests were done for the finished water reservoirs
at both the Patuxent and Potomac filtration plants.  At Patuxent,
fluoride normally is added at the effluent blenders.  All of the
filtered water treated at the plant passes through these blenders
before reaching the clearwells.  Step-input tests were done over a
two-day period. May 17 and 18, 1989.  Under normal operating
conditions, the theoretical detention time through the reservoirs
is 8 hours (18.36 million gallons of storage divided by 55 million
gallons per day), so it was determined that only one step-input
test per day could be conducted.
On the first day, May 17, the fluoride feed to the clearwells
was turned off, and on the second day, May 18, it was turned back
on.  The typical fluoride feed concentration is 1.0 mg/1.  Because
there are two lines leaving the plant for the distribution system,
two tracer curves were developed each day.  Both of the lines, PGl
and PG2, can carry water from any or all of the seven reservoirs.
Samples were collected directly from the lines, not from the
sampling taps in the laboratory.
The Guidance Manual (10) recommends that tracer tests be
conducted for at least four different flow rates, and that a curve
of flow rate vs. contact time be developed.  In the interest of
time, only one flow rate was tested at Patuxent: the maximum flow
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that could be sustained for the duration of the test.  The maximum
flow yields the critical, or shortest, contact time.  If the plant
can meet the CT requirement at this flow, then it can meet it at
all other flows.  A detailed protocol was developed as a part of
this project so that plant personnel could repeat the tracer test
at other flow rates.  Appendix II contains this protocol.
The other critical condition for meeting the contact time
requirement is the volume of water in the clearwells.  The lowest
level of water in the reservoirs yields the shortest contact time.
Therefore, the clearwells at Patuxent were drawn down to half of
their maximum capacity for the tracer tests.  This is as low as
they are ever operated.  Samples were collected at intervals
ranging from a half hour to four hours, and the sampling duration
was 24 hours.
At the Potomac plant, fluoride is injected into the main
lines leaving the filters and flowing to the clearwells.  Since
the plant operates as two plants in parallel, the tracer tests
were conducted through only one half of the plant.  The east side
of the plant was isolated from the west side for the duration of
the tests.  The east side was chosen because the influent and
effluent structures are common to both tanks, unlike the west side
which has two separate influent and effluent lines (see Figure 3-
7).
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Four tracer tests were conducted over a two-day period,
August 22 and 23, 1989.  Two flow conditions and two reservoir
levels were studied: 150 MGD and 75 MGD, and full and half-full
reservoirs.  These cover the range of conditions normally
encountered at the plant.  The first day's tests used 150 MGD and
75 MGD, both with the reservoirs full.  On the second day, the
reservoirs were lowered to half-full, and the same flow rates, 150
MGD and 75 MGD, were used.  Theoretical detention times for these
conditions varied from less than one hour to three and one half
hours.  Lengths of the tests ranged from three hours to ten hours,
and sampling frequency was as short as five minutes in one test
and as long as one hour in another.  Samples were collected with a
dipper on a string which was lowered into the effluent mixing
chamber for tanks 2 and 4.
3.2.2 Pulse-Input Tests (Filters)
In a pulse-input test, a discrete amount of concentrated
tracer is added all at once to the reactor influent, and its
concentration in the effluent is monitored over time.  (See
Section 2.5 for theory.)  For most of this project, the tracer
used was concentrated hydrofluosilicic acid, H2SiF6.  This compound
is a byproduct of the fertilizer industry, and is commonly used by
water treatment plants as a source of fluoride because it is
readily available and inexpensive.  It usually is available in
concentrations between 23% and 30% H2SiF6 (20) . Both the Patuxent
and OWASA plants chlorinate their water ahead of the filters. For
this reason, pulse-input tests were done to analyze the RTDs
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through the filters at these two plants.  One pulse-input test was
conducted using reagent grade sodium fluoride, NaF, as the tracer,
and another was conducted with reagent-grade sodium chloride,
NaCl.
Theoretical detention times through filters are normally much
shorter than those through clearwells, and flow patterns conform
much more to plug flow than clearwells do.  Consequently, sampling
frequency must be shorter for the pulse-input tests.  Also, it is
important to catch the peak as it comes through the filter so that
the RTD is well-defined and a mass balance calculation can be
performed.  The time between samples for both the Patuxent and
OWASA filter tests was as short as two minutes, and as long as 20
minutes.  The longer times were used at the beginning and end of
the tests, with the shorter times in the range surrounding the
theoretical detention time, since this is the time that the peak
fluoride concentrations were expected.  It was also the portion of
the test in which the concentration would be changing most
rapidly.  Duration of the tests was approximately four times the
theoretical contact time, assuming clean filters and clean-bed
porosities.  Tests were conducted shortly after the filters were
backwashed to ensure a constant flow rate during the tracer test.
The first pulse-input test was conducted at the Patuxent
plant on May 19, 1989.  Three of the four filter units were in
operation at the time, and chlorine was added upstream of each of
them.  The fluoride feed to the effluent blenders was shut off
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well before the start of the test.  For the pulse-input test, six
gallons of hydrofluosilicic acid was dumped into the intake areas
(two gallons per filter unit).  This was accomplished by
coordinating three sets of operators with radios, since the filter
units are not within shouting distance of each other. At the
signal, each operator emptied the contents of his container into
the influent chamber of the filter unit and noted the time.
Samples were then collected in five locations: the effluents of
each of the three filter units and the two effluent blenders, at
predetermined intervals.  This pulse-input test was repeated for
just one filter unit at the plant on August 24, 1989 and on
October 12, 1989.
The second set of pulse-input tests was conducted through one
of the OWASA filters.  The plant has five identical filters, and
they each are chlorinated separately.  One filter was isolated
from the others, and seven gallons of hydrofluosilicic acid was
added to this filter in the same location as the chlorine normally
is added.  Samples were collected at the effluent of the filter
and at the effluent from the clearwell.  The main objective of the
test was to determine the contact time through the filters, but by
following the fluoride concentration through the clearwells, the
effective contact time could be developed for the entire plant.
Under normal conditions, the OWASA plant adds fluoride after
filtration, upstream of the clearwell.  The fluoride feed was
turned off 24 hours before the start of the tracer test. The
first OWASA pulse-input test through the filter was conducted on
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•August 15, 1989, and repeated on Septmeber 21, 1989.  An
additional pulse-input test was conducted through the clearwell on
September 24, 1989.
3.2.3 Fluoride Analysis
Fluoride samples were analyzed using a Fisher ion selective
electrode (catalog #13-620-522), in accordance with 413B of
Standard Methods (21).  All samples were collected in polyethylene
bottles and analyzed within 48 hours of collection.
The fluoride electrode measures the activity of the fluoride
ion in solution.  Fluoride ion activity depends on the solution's
total ionic strength and pH, and on the presence of fluoride-
complexing species.  An appropriate buffer must be added to
provide a uniform ionic strength, adjust the pH, and break up any
complexes.  Total Ionic Strength Adjuster Buffer, or TISAB, is
used for this purpose.  TISAB contains acetic acid, sodium
chloride, sodium hydroxide, and cyclohexylenediaminetetraacetic
acid (CDTA),  CDTA preferentially complexes with interfering
cations, such as aluminum, thereby releasing fluoride ions.
Concentrated TISAB solution was purchased from Fisher Scientific
(catalog #13-641-874).
A Fisher fluoride ion selective electrode and a standard,
solid state reference electrode were connected to a pH meter with
an expanded millivolt scale. Different pH meters were used at
different locations.  Standard solutions of sodium fluoride, NaF,
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were made in the following concentrations: 10"-^, 10"^, 10"^, 10"*,
10"^, 5x10"^ , 2x10"^ and 10"^ molar.  Equal volumes of sample and
TISAB were pipetted into a beaker and placed on a stirrer.  The
sample volume used for most of this research was 10 ml, but
volumes from 10 ml to 25 ml can be used.  The electrodes were
submerged and, after three minutes, a mV reading was taken.
Beakers and pipets were rinsed between each reading.
A standard curve was developed for each day's tracer test.
Standard solutions were treated in the same manner as samples.
Beginning with the least concentrated standard solution,
measurements were made of each concentration from 10" to 10"
molar.  These mV readings were plotted on 5-cycle semilogarithmic
graph paper, with mV on the arithmetic scale.  The range from 10"^
to 10"^ M is linear with a slope of approximately 59, and the range
below 10"^ M curves downward.  Figure 3-8 is a typical standard
curve. An equation was developed for the linear portion of the
curve, and mV readings were converted to molar concentrations by
using the equation developed.  For concentrations below 10"^, molar
concentrations were determined directly from the standard curve.
A concentration of 10"^ corresponds to 0.19 mg/1, which is about the
same concentration as the raw water, or background, concentrations
at the plants studied.
3.2.4  Sodium Analysis
Sodium samples were analyzed using a Perkin Elmer 560 atomic
absorption spectrophotometer in accordance with 303A of Standard
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Methods (21) .  Samples were collected in polyethylene bottles,
preserved with concentrated nitric acid, and analyzed within 10
days.
Each sample was aspirated directly into an air-acetylene
flame and atomized. A light beam was directed through the flame
into a monochromator and on to a detector that measured the amount
of light absorbed by the atomized element.  Since each metal has
its own characteristic absorption wavelength, a source lamp
composed of the metal of concern was used.  The amount of energy
of the characteristic wavelength absorbed in the flame is
proportional to the concentration of the element in the sample.
Standard solutions were made using sodium chloride that had
been oven-dried at 140°C and distilled deionized water. From a
stock solution of 1000 mg/1, the following working solutions were
used: 1.0 mg/1, 5.0 mg/1, and 10.0 mg/1. Samples having a sodium
concentration of greater than 10.0 mg/1 were diluted 1:2 before
analysis. Distilled water preserved with nitric acid in the same
manner as the samples was used as a blank.
Before analyzing any samples, a standard curve was developed.
The standards and the blank were treated in the same manner. Each
was atomized three times, and the three absorbance readings were
averaged.  Distilled deionized water was atomized in between each
to prevent sample carryover. The average absorbance reading of
the blank was subtracted from the average of each standard value.
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These values were plotted on graph paper with absorbance on the x-
axis and concentration on the y-axis, and a correlation
coefficient was calculated.  Figure 3-9 is a typical standard
curve.  Once a standard curve was developed, the tracer test
samples were analyzed.  Each was atomized three times, and the
resulting absorbance readings were averaged.  Then the blank value
was subtracted from each, and the resulting value was converted to
concentration using the standard curve.
The above method was used for sodium samples from the tracer
test through the OWASA filters.  In the case of the tracer study
through the Patuxent filters, samples were analyzed by the
Washington Suburban Sanitary Commission laboratory in accordance
with EPA-approved methods.
3.2.5 Analysis of Data
After each tracer test was completed, the data were analyzed
to develop residence time distribution curves to determine Tio
values.  The following paragraphs detail the calculations used to
analyze the results.  In all cases, before a measured effluent
fluoride concentration was used in a calculation, the background
or raw water fluoride concentration was subtracted from it.
Step-input tests were most easily converted into F curves, or
normalized concentration vs. time curves. Each measured
concentration, after correcting for background fluoride, was
divided by the fluoride feed concentration, and these were plotted
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on the y-axis.  Time was plotted on the x-axis and a smooth curve
was drawn through the p^oints (18) .  The values of C/Co always
ranged from 0 to 1.0. For step-input tests in which the fluoride
feed was turned off at the start of the test, the values for C/Co
decreased from 1.0 to 0, and when the test involved turning the
fluoride feed back on^ the values increased from 0 to 1.0.
Tio values were determined directly from the F curves. For
step-input tests which started with the fluoride feed on, a
"reverse F" curve was developed by subtracting each measured F
value from 1.0. This way, all of the step-input F curves rose from
0 to 1.0.  A horizontal line was drawn to the curve at C/Cq = 0.1.
The corresponding time, found by drawing a vertical line down to
the X-axis, was Tio for the test.  The time noted was the time it
took 10% of the tracer to pass through the basin.  Figure 3-10 is
an example of a typical step-input test that has been used to
determine Tio.
After developing F curves for the step-input tests, these
were converted into E curves, or residence time distribution
curves, using the relationship (see Section 2.5):
dFE =^ , (3-1)
The slope of each segment of the F curve is a corresponding point
on the E curve.  Figure 3-11 is an example of an E curve which was
derived from an F curve.
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Pulse-input tests required somewhat more manipulation before
they could be converted into F and E curves. A plot of measured
concentration vs. time was made.  The first step in the data
manipulation was to conduct a mass balance to determine the amount
of fluoride recovered.  This was done by multiplying each measured
concentration, after correcting for the background fluoride, by
its At, or the time between samples, and also by the flow rate.
The units were moles/liter x minutes x liters/minute, resulting in
moles recovered.  These were summed up for each time interval to
determine the total number of moles recovered.  This value was
then compared to the number of moles added, and the percent
recovery of the tracer was determined.
In order to create the F curve, the cumulative mass of
fluoride recovered was calculated for various periods of time.
Each F value was the total mass of fluoride recovered up to time
t.  These were plotted on the y-axis, and time was plotted on the
x-axis.  To determine Tio, the same procedure was used as for the F
curve developed from the step-input test.  Figure 3-12 is an
example of an F curve developed from a pulse-input test.
The E curves that were developed from the pulse-input tests
have the same shape as the concentration vs. time curves, but they
were normalized in such a way that the area under the curve is
unity. This was done by dividing each measured concentration by
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the sum of all the concentrations multiplied by the corresponding
At•s or
All of the Ci values used in the calculation were an average of two
consecutive measured values or
An example of an E curve developed from a pulse-input test is
shown in Figure 3-13.
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4.0 RESULTS AND DISCUSSION
Sixteen tracer tests at three water treatment plants were
conducted for this study. Eight step-input and eight pulse-input
tests were done.  Generally, when fluoride feeding equipment was
available upstream of a process unit to be characterized, step-
input tests were conducted.  This was the case for the finished
water reservoirs or clearwells.  Pulse-input tests, in all but one
case, were done through filters, which normally do not have
fluoride feeding equipment available.
A discussion of the results follows.  The results are grouped
by tracer test type (step-input or pulse-input) and by water
treatment plant within each test type.  This grouping was done to
facilitate comparisons between plants for each testing method.
4.1 Step-Input Tests
Eight step-input tests were conducted; four at the Potomac
Filtration Plant and four at the Patuxent Filtration Plant.  The
purpose of each test was to develop the Residence Time
Distributions (RTD) through the clearwells or finished water
reservoirs under various flow conditions in order to determine the
Tio for each, assess compliance with the SWTR, and calculate the
effective CT's.  The results are presented below.
4.1.1 Potomac Filtration Plant Results
Step-Input tests were conducted at the Potomac plant on
August 22 and August 23, 198 9.  Two different flows were used (150
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MGD and 75 MGD) and two different reservoir levels: approximately
full and half-full.  The volumes in the reservoirs for the four
tests were as follows: Test #1 and Test #2: 9.90 MG, Test #3: 5.14
MG, and Test #4: 5.59 MG.  Thus the theoretical residence times
for the tests were 1.58 hours, 3.17 hours, 0.82 hours, and 1.79
hours.
Figure 4-1 shows the results of the Potomac step-input tests.
The tests which were started by turning the fluoride feed off
(Test #1 and Test #3) yielded "upside down" F curves, so these
were inverted by subtracting each F value from 1.0.  Table 4-1 is
an example of the calculations used to analyze the results for
Potomac Test #1.  The following is an explanation of each of the
columns in Table 4-1:
Column 1
Column 2
Column 3
Column 4
Time, in hours, from beginning of test.
Time, in hours, between consecutive sample.
Millivolt reading from pH meter.
Millivolt reading converted to molar fluoride
concentration using standard curve developed for fluoride
ion-selective electrode.
Column 5:  Actual fluoride concentration. Column 4 minus
background or raw   water fluoride concentration.
Column 6:  F curve. Column 5 divided by fluoride feed
concentration.
Column 7:  Reverse F curve, 1.0 minus Column 6.
Column 8: A plot of Column 6 (measured F curve) vs. Column 1
(time) was made, and a smooth curve was drawn through the
points.  Column 8 gives the "F" values for the smoothed
curve, determined visually from the measured F vs. time
curve.
Column 9: E curve, AF/At.
Column 10: The average of each two consecutive time values
(ti+ti+i)/2.  These are the times which correspond to each E
value (the mid-points of each segment for which the slope is
determined).
Column 11: Values for calculation of mean residence time. Column 1
X Column 9 x Column 2 (see Equation 2-9).
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Figure 4-1: Step-input tests conducted through the Potomac
Filtration Plant finished water reservoirs, August 22 and 23,
1989.
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Table 4-1: Calculations for step-input test at Potomac
Filtration Plant, August 22, 1989.  These calculations are
typical of all calculations used for step-input tests.  See
Appendix III for additional data from the remaining step-
input tests.
Cilculations for th« Polorn^c Plant step-input tft'i
Test * 1. 1 50 MDG, reservoir full, 8/22/89
measured actual measured reverse plotting k=0.162
time it mV fluoride fluoride F curve F curve smoothed points mean variance chlorine
Effective CT
hours hours reading (molar) (molar) (C/Co) (1-F) F curve E curve (hours) tEit t'2EAt Coexp(-kt) EAtCoexp(-kt)t
000 284 6.60E-05 5 68E-05 1.000 0.000 0.000 0.000 0.000 0000 0.000
4.100 0.000
025 0.25 284 6.60E-05 5.68E-05 1.000 0.000 0.000 0.000 0.125 0.000 0.000
4018 0.000
•Ck 0.50 0.25 285 635E-05 5.43E-05 0.956 0044 0.044 0.176 0.375 0.017 0.006
3.858 0.064
1 0.75 0.25 288 5.66E-05 4.74E-05 0.833 0.167 0.167 0.490 0625 0.077 0.048 3.705
0.284
cr 1.00 0.25 291 504E-05 4.12E-05 0.724 0.276 0.276 0.436 0875 0.095
0.083 3558 0.339
1,25 0.25 296 4.15E-05 3.23E-05 0.569 0.431 0.405 0.518 1.125 0 146 0.164
3 417 0.498
1 50 0.25 500 3.56E-05 2.64E-05 0.464 0 536 0.536 0,524 1.375 0.180 0.248
3.281 0.591
1.75 0.25 504 3.05E-05 2.13E-05 0.374 0626 0.650 0.456 1.625 0.185 0.301
3,151 0.584
2.00 0.25 510 2.41E-05 1.50E-05 0.263 0737 0.735 0.340 1.875 0.159 0.299
3,026 0.482
2.25 0.25 515 1.99E-05 1.07E-05 0.189 0811 0.811 0.306 2.125 0.162 0.345
2,906 0.472
2.50 0.25 319 1.70E-05 7.87E-06 0.138 0.862 0.862 0.201 2375 0.119 0.283
2,791 0333
2.75 0.25 523 1.46E-05 5.42E-06 0095 0.905 0.905 0.172 2625 0.113 0.296
2,680 0.3G2
3.00 0.25 324 1.40E-05 4.87E-06 0.086 0.914 0.925 0.082 2.675 0.059 0.169
2,573 0.151
3.25 0.25 528 1.20E-05 2.86E-06 0.050 0.950 0.950 0,099 3.125 0.077 0.242
2,471 0.191
350 0.25 529 1,16E-05 2.40E-06 0,042 0.958 0.965 0.061 3,375 0.051 0.173
2.373 0.122
375 0.25 331 1 07E-05 1.54E-06 0.027 0.973 0.980 0060 3.625 0.054 0.197 2.279
0.124
4 00 0.25 333 9.92E-06 7.38E-07 0.013 0 937 0.985 0,020 3.875 0.019 0.075
2 189 0.042
450 0.50 335 9.18E-06 O.OOE+00 0000 1.000 1.000 0030 4.250 0.064 0.271
2.060 0.131
5.00 0.50 335 9.13E-06 O.OOE*00 0 000 1.000 1.000 0.000 4.750 0000 0.000
1.899 0.000
1 58 0.710 4.71
Column 12: Values for calculation of the variance, (Column 1)  x
Column 9 x Column 2 (see Equation 2-10).
Column 13: Theoretical instantaneous chlorine concentration at
time t, calculated using Equation 2-17, Coe"*^*^.
Column 14: Effective CT, Column 9 x Column 2 x Column 13 x Column
1 (see Equation 2-18).
Uses of the various entries in this table are illustrated in the
discussion which follows. Tables of calculations for the rest of
the step-input tests are included in Appendix III.
All of the Potomac F curves rise to 1.0, indicating that the
duration of sampling was long enough to allow the effluent to
reach the same concentration as the influent. All four curves
have a significant time delay before they begin to rise. This
suggests that the Potomac reservoirs behave more like a PFR or
series of CSTR's than like a single CSTR. Such a response was
expected because the Potomac reservoirs have interior baffling.
Values for Tio and T50, the times for 10% and 50%,
respectively, of the tracer to pass through the basins, were
obtained graphically from each F curve.  These are indicated on
each curve, and they are summarized in Table 4-2.  The theoretical
residence times are shown for comparison.  The T50 values agree
reasonably well with the theoretical residence times.  The ratio
Tio/T for each test is shown in the last column of Table 4-2.
These values range from 0.39 to 0.52. Since the basins have
internal baffling, they fall in the "average" category for
baffling characteristics, according to the SWTR.  The standard
Tio/T fractions for this group are 0.4 to 0.6.
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Table 4-2:  Tio and T50 Values for Step-Input Tests,
Potomac Filtration Plant Reservoirs
Theoretical
Flow reservoir Residence
l££i. (MGC) volume time, T(hr) Iio-Qirl l5o(hr) lioZl
Test #1, 8/22/89 150
Test #2, 8/22/89 75
Test #3, 8/23/89 150
Test #4, 8/23/89  75
9.90 1.58 0.62 1.44 0.39
9.90 3.17 1.65 2.90 0.52
5.14 0.822 0.40 0.73 0.49
5.59 1.79 0.78 1.39 0.43
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Typical winter conditions (most difficult for Giardia
inactivation) at the Potomac plant are a temperature of 0.5*C, a
pH of 7.5, and a chlorine residual at the effluent of the
reservoirs of 2.6 mg/1. For these conditions, a CT of 51 mg/l-min
is required to achieve a 0.5-log inactivation (see Appendix I).
This corresponds to a Tiq contact time of 20 minutes (0.33 hours).
For the four conditions tested, the Potomac reservoirs met or
exceeded this time requirement.  The worst-case condition for the
plant (reservoir only half-full and peak flow of 150 MGD through
the basin) was studied as Test #3.  Even under these conditions,
the plant was able to meet the disinfection requirement of the
SWTR.
The E curves generated from the Potomac F curves are shown in
Figure 4-2.  The peak E values for these curves are not at the
extreme left of the time scales, but are closer to the theoretical
times.  This indicates that the reservoirs behave more like PFR's
than like CSTR's.  Again, the interior baffling of the Potomac
tanks is the reason for the shapes of these curves.
Table 4-3 shows the mean residence times, t's, calculated
from the E curves for each test.  These values were calculated by
summing the entries in Column 11 of Table 4-1.  These agree
exceptionally well with the theoretical detention times.
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Figure 4-2:   E curves generated from F curves from Potomac
step-input tests,  August 22 and 23,   1989.
4-4a
Table 4-3:  Mean Residence Times for Step-Input Tests,
Potomac Filtration Plant Reservoirs
theoretical mean
residence residence
Test time. Tfhr^ time, tfhr)
Test #1, 8/22/89      1.58 1.58
Test #2, 8/22/89      3.17 2.89
Test #3, 8/23/89      0.82 0.84
Test #4, 8/23/89       1.79 1.66
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The CT values in accordance with the definition of the
Surface Water Treatment Rule are shown in Table 4-4.  Each is
calculated by multiplying Tio (converted from hours to minutes) by
2.6 mg/1, the chlorine residual at the effluent of the reservoirs.
This chlorine residual is typical for the Potomac reservoirs.
In order to determine the "effective CT's", a rate constant,
k, for chlorine decay, had to be determined (see Equation 2-18).
To find k, a "tanks-in-series" model was fitted to the tracer
data.  The relationship between N, the number of tanks in series,
and the mean residence time and the variance (Equation 2-11) was
used to determine the number of equally-sized tanks in the model.
The number of tanks in series for each test is shown in Table 4-4.
For Test #2, the conditions under which the chlorine
concentrations were measured, the best-fitting model was nine
tanks in series.  Figure 4-3 is a plot of the measured F curve and
E curve for Test #2 and the calculated F curve and E curve from
the nine-tanks-in-series model.  This figure shows that the model
is a good approximation of the tank behavior.
The dispersion number was also calculated for Potomac Test #2
using Equation 2-15.  For this test, D/uL was calculated to be
0.0585.  Figure 4-3 includes a plot of the theoretical E curves
for both the dispersion model and the tanks-in-series model.
Since both models appear to fit the measured data reasonably well,
either could have been chosen for the determination of the rate
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Table 4-4:  CT Values for Step-Input Test,
Potomac Filtration Plant Reservoirs
SWTR  effective
CT CT tanks in
Test. mg/1-min ma/1-min series. N
Test #1, 8/22/89 97 283 3
Test #2, 8/22/89 257 428 9
Test #3, 8/23/89 62 174 • 3
Test #4, 8/23/89 122 294 4
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Figure 4-3: F curve (top) and E curve (bottom) for tanks-in-
series model, and E curve (bottom) for dispersion model
fitted to data from Potomac Test #2, August 22, 1989.
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constant.  For ease of calculations, the tanks-in-series model was
used, but the analysis could have been done using either model.
The actual chlorine concentrations at the influent and
effluent of the tanks were measured under the conditions of Test
#2.  These were used in the expression for conversion for first-
order kinetics in a tanks-in-series model (15):
C      1ͣ^ = ----=---- (4-1)Co  (1 + kt)" ^  '
Co in this case was the chlorine dose, 4.1 mg/1, and C was the
chlorine concentration at the effluent of the reservoirs, 2.6
mg/1.  The time used was 2.89 hours, the mean residence time, t,
for Test #2, divided by nine, the number of tanks in the tanks-in-
series model (t in Equation 4-1 is the time for one of the
equally-sized tanks).  Thus, t in Equation 4-1 was 0.321 hours.
Substitution of these values into Equation 4-1 yielded a rate
constant of 0.162 hr"-^.  As a check on the accuracy of k, the
equation for first-order conversion directly from an RTD was used,
as follows (15):
Ceffiuent ^ ICoe"''^ . E . At (4-2)
Substitution of the above rate constant, 0.162 hr"-^, into Equation
4-2 yielded a Ceffiuent of 2.52 mg/1, which agrees well with the
measured Ceffiuent of 2.6 mg/1.
After the rate constant was determined, the effective CT's
were calculated using Equation 2-18.  This is shown in Table 4-1
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by summing the entries in column 14 and multiplying bifSOj to
convert from mg/1-hour to mg/l-min."^/these "effective CT" values
were calculated by combining the E curves with the assumed first-
order kinetics of chlorine decay.  In all four tests, the
effective CT values are significantly greater, by a factor of 2 to
3, than the CT allowed under the SWTR.  Hence, the degree of
inactivation is probably much greater than allowed by the SWTR.
4.1.2 Patuxent Filtration Plant Results
Step-input tests at the Patuxent Plant were conducted on May
17 and May 18, 1989.  Only five of the seven reservoirs were in
service during the tests.  The total volume in these tanks was 5.8
million gallons and 5.2 million gallons, respectively, for the two
days.  These volumes were calculated by averaging hourly volumes
during each testing period.  The total flow rate through the
distribution lines, PGl and PG2, on May 17 was 38.5 MGD; on May
18, it was 36.8 MGD.  These are also hourly averages of the flows
for the testing periods.  The theoretical times for the tests were
3.6 hours on May 17, and 3.4 hours on May 18.
Figure 4-4 is a copy of the flow chart for the PGl line on
May 18th. As the chart demonstrates, the flow was not held
constant for the duration of the test.  The clearwells are used
for equalization of the flow in response to variations in demand
in the distribution system, and the plant has little control over
the flow out of them. The chart shows that the flow through the
line varied by as much as 12 MGD in a 15 minute period.  Similar
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Figure 4-4: Flow chart from PGl line on May 18, 1989. Note
extreme variations in flow during step-input tracer test.
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rapid changes in flow were seen in the PG2 line.  These rapid
shifts can significantly affect the flow characteristics of the
reservoirs, and thus the RTDs.  The May 17th flows also varied
during the tests, but not as dramatically as those of May 18th.
Figure 4-5 shows the results of the Patuxent step-input
tests.  The background or raw water concentration was subtracted
from each measured value, then each of these reduced
concentrations was divided by Co, the fluoride feed concentration,
before plotting.  The F values for the first day's tests, 5/17/89,
were each subtracted from 1.0 to get an F curve rising from 0 to
1.0 instead of dropping from 1,0 to 0.  A smooth curve was drawn
through the points.  In all four cases, the curves rise to 1.0,
indicating that samples were collected for a long enough period of
time such that the influent concentration equalled the effluent
concentration.
Values for Tio and T50 are indicated on Figure 4-5.  Table 4-5
is a summary of these values and the theoretical residence times
for each test for comparison. As with the Potomac data, the
values for T50 agree reasonably well with the theoretical residence
times.  The ratio T^o/T for each test is shown in Table 4-5.  These
values range from 0.19 to 0.33.  The Patuxent finished water
reservoirs are round and not baffled.  These features place the
tanks in the "poor" category in terms of baffling characteristics,
as described in the SWTR.  The standard Tiq/T fractions for poorly
baffled tanks are 0.1 to 0.3.
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Figure 4-5:   Step-input tests conducted at the
Patuxent Filtration Plant,   May 17  and 18,   1989,
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Table 4-5:  Tm and T50 Values for Step-Input Tests,
Patuxent Filtration Plant Reservoirs
Iio(hr) l5o(hr)   lio/X
0.7 3.2 0.19
1.2 3.7 0.33
0.5  ' 2.9 0.15
0.8 3.3 0.24
Theoretical
Flow residence
Test (mgh) Time. T(h£±
PGl, 5/17/89 38.5 3.6
PG2, 5/17/89 38.5 3.6
PGl, 5/18/89 36.8 3.4
PG2, 5/18/89 36.8 3.4
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The filtered water at the Patuxent plant is adjusted to a pH
of about 8.5 at the effluent blenders. According to the CT tables
in the Guidance Manual, when the temperature is 0.5°C, the pH is
8.5, and the chlorine residual is 1.5 mg/1, all typical values in
the winter for the Patuxent plant, a CT of 65 mg/l-min is required
for a 0.5-log inactivation of Giardia cysts (see Appendix I).
This means a Tio contact time of 43 minutes (0.72 hours) would be
needed for the residual chlorine concentration of 1.5 mg/1.  The
shortest T^o value computed for the Patuxent reservoirs was 0.5
hours or 30 minutes for the PGl line on 5/17/89.  This means that
a higher chlorine residual (i.e. at least 2.4 mg/1), a lower pH,
or a longer contact time would be needed to meet the CT
requirement of the SWTR.  However, since it is unusual for two of
the seven reservoirs to be out of service, it is likely that a
longer contact time would be achieved under normal operating
conditions. Also, the reservoirs are not usually allowed to drop
to half of their capacity under normal conditions.  The other
three tracer tests indicate that even under these worst-case
conditions (cold water and low reservoir volume) the plant would
be able to meet the disinfection requirement for 0.5-log
inactivation of Giardia.  The Tio's, Tso's, and ratios of Tio/T for
PGl were consistently less than for PG2.  This indicates that
there is more short-circuiting through the PGl line than through
the PG2 line.
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Each F curve for the Patuxent tests was converted to an E
curve.  These are shown in Figure 4-6.  These curves indicate that
a large portion of the flow spends a relatively short period of
time in the reservoirs.  This is demonstrated by the fact that in
each of the curves, the peak E value is to the extreme left side
of the graph, at the lower time values (generally less than one
hour).  These results are consistent with the Tiq/T ratio results
because both imply that the reservoirs behave more like mixed
tanks than like PFR's.  This type of flow characteristic is
typical of round, unbaffled tanks which generally have significant
short-circuiting.
The E curves were used to calculate the mean residence time,
t, for each test.  These values are shown in Table 4-6.  In all
four cases, the calculated value of t from the E curve is higher
than the theoretical residence time and also higher than the Tso
time generated from the F curve.  In one case, the test for PG2 on
5/17/89, the t value is 48% greater than the theoretical residence
time.  The reason for this discrepancy is not clear.  It may be a
result of the variations in flows and tank volumes during the
tests.
There is some uncertainty involved in the development of the
E curves because they are calculated directly from the smooth
lines drawn through the F curves. Near the end of a step-input
test, the F curve flattens out and the slope, and thus the E value
(E = AF/At), is quite sensitive to the manner in which the smooth
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Table 4-6:  Mean Residence Times from Step-Input Test,
Patuxent Filtration Plant Reservoirs
Theoretical mean
resi dence residence
TesJL timeoL. T(hrl time. t(hr)
PGl, 5/17/89 3.6 4.77
PG2, 5/17/89 3.6 5.34
PGl, 5/18/89 3.4 3.68
PG2, 5/18/89 3.4 4.47
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curve is drawn.  This is also the portion of the tracer test
during which sample collection is less frequent because the
concentration is changing more slowly.  Consequently, there are
fewer data points available in this range to improve the accuracy
of the smooth F curve near the end of a test.  All four of the E
curves for the Patuxent step-input tests have significant "tails";
the E values do not drop sharply back to zero after the peaks.
These tails may be responsible for the high mean residence times
calculated.
Table 4-7 shows the effective CT values, along with the CT
values allowed by the SWTR.  The "effective CT" values were
obtained by combining the E curves with the assumed first-order
kinetics of chlorine dissipation, as explained in the discussion
of the Potomac results.  Table 4-7 includes the values for N, the
number of tanks in series which most closely approximates the flow
pattern or RTD, for each test.  These values were calculated using
Equation 2-11.  As expected because of the lack of baffling in
these tanks, all of the values for N are either one or two.  The
model which best fit the data for the PG2 line on May 17th (the
test conditions under which the chlorine concentrations were
measured) was a single CSTR. Figure 4-7 is a plot of the measured
F values for the PG2 test on May 17th and the F values calculated
from the ideal CSTR model.  As the figure demonstrates, the model
is a good approximation of the behavior of the tanks.
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Table 4-7:  CT Values for Step-Input Test,
Patuxent Filtration Plant Reservoirs
SWTR effective
CT CT tanks in
Test mg/l-min m<j/l-min series. N
PGl, 5/17/89 63 342 1
PG2, 5/17/89 108 375 1
PGl, 5/18/89 45 305 2
PG2, 5/18/89 72 349 2
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Figure 4-7: Ideal CSTR model fitted to measured F curve
for step-input test on PG2, May 17, 1989.
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The equation for conversion in a single CSTR for first-order
kinetics is (15):
^ = 1 + kt (4-2)
The value used for Co was 2.0 mg/1, the chlorine residual detected
at the effluent of the filters (upstream of the reservoirs), and C
was 1.5 mg/1, the chlorine residual detected at the effluent of
the clearwells.  The time used was 5.34 hours, which was the mean
residence time, t, for the PG2 line on May 17, 1989, the line in
which the chlorine residual was measured.  These numbers yielded a
k value of 0.0624 hr"^.
The SWTR CT values were calculated by multiplying each Tio
(converted from hours to minutes) by 1.5 mg/1, the chlorine
residual concentration at the effluent of the tanks.  The
"effective CT's" are significantly greater than the CT's allowed
using the SWTR definition of C and T.  The effective CT's were
greater by a factor of between 3 and 6.  As with the Potomac
results, the actual degree of disinfection in the tanks is
probably much greater than that presumed by the SWTR.
4.2 Pulse Input Tests
Eight pulse input tests were conducted.  Three tests were
done through the Patuxent filters, three through the OWASA
filters, one through the OWASA clearwell, and one through both the
OWASA filter and clearwell.  The results are discussed below.
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4.2.1 Patuxent Filtration Plant Results
The first pulse input test for the Patuxent plant was
conducted on May 19, 1989.  Fluoride (HzSiFg) was used as the
tracer chemical, and this was added immediately upstream of the
filters.  Samples were collected at five locations: the effluents
of the three working filter units and each of the two effluent
blenders.  (See Section 3.2.2 for detailed procedure.)
One filter unit was not being used during the the first test.
The flow through each of the filter units was kept constant for
the duration of the test and the total flow for the first test was
41 MGD.  The volume of the filter units was calculated by knowing
the depths of anthracite, sand, aluminite, and gravel in each, and
assuming clean-bed porosities for these filter media of 0.40,
0.38, 0.36, and 0.30, respectively.  These calculations yielded a
total filter volume for the four units of 1.506 million gallons.
This volume was multiplied by 3/4 because only three of the four
filter units were in service during the test.  Thus the
theoretical residence time through the filter units was 40
minutes.
The results of the first Patuxent pulse input test are shown
in Figure 4-8.  Before plotting the concentrations, the background
fluoride concentration was subtracted from each measurement.  (See
raw data in Appendix III for details.)  It is apparent from these
graphs that the flow through the three filter units was not split
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Figure 4-8: Pulse-input test #1 conducted through
the Patuxent filter units. May 19, 1989.
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evenly, as assumed by the operators.  Clearly, filter unit #2 had
a higher flow rate during the test than the other two units. The
same is true of the west and east blenders.  This flow disparity
was verified by a review of the flow meters for two of the units
during the test (the third is not metered).  The meters indicated
that filter unit #2 had a flow rate of 15.1 MGD, filter unit #1
had a flow of 13.9 MGD.  By subtracting these flows from the total
flow through the plant, unit #3 was found to have a flow of 12.0
MGD.  The difference in flow rates through the units was probably
due to the fact that some of the filters were cleaner than others;
the dirtiest filters would be expected to have the lowest flow
rates.
Also apparent from Figure 4-8 is the fact that not all of the
fluoride was recovered.  The fluoride concentration did not drop
back down to zero by the end of the 2-hour sampling period.  Also,
the peaks are not sharp, as would be expected in a pulse input
test through a filter (filters should have flow characteristics
approaching a PFR).  It appears that the duration of sampling was
not sufficient to recover all of the tracer added.  This is
surprising since the theoretical residence time through the
filters, T, was 40 minutes, so that three times the theoretical
time (120 minutes) should have been long enough to recover most of
the tracer. A mass balance indicated that only 57% of the
fluoride was recovered. This percent recovery is quite low; a
good test should recover at least 90% of the tracer. Also, the
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peak fluoride concentration was at about 50 minutes, which is not
consistent with the theoretical time.
The pulse-input test was repeated at the Patuxent plant on
August 24, 1989.  Fluoride was used as the tracer for this test
also.  Only one filter unit was tested, and the sampling period
was extended from 120 minutes to 320 minutes to ensure complete
recovery of the tracer.  The results of the second test are shown
in Figure 4-9.  The same types of anomalies were seen; again only
57% of the fluoride was recovered.  The theoretical time for this
test was 38 minutes, but the peak fluoride concentration was at
about 90 minutes.
The two pulse-input tests indicated that there are major
problems with using fluoride as a tracer through a filter.
Fluoride is known to be removed by aluminum hydroxide (22),
probably by adsorption onto the floe particles. When fluoride is
added for a tracer test, some of it probably adsorbs onto the
aluminum hydroxide trapped in the filter.  This could account for
the low recovery rates in the Patuxent tests. Also, as the pulse
of fluoride passes through the filter and unfluoridated water is
applied, the equilibrium conditions change, causing some of the
fluoride to desorb from the aluminum hydroxide.  This fluoride is
then detected in the samples from the filter effluent. This
continuing adsorption and desorption of fluoride over time may
account for the fact that the tracer curves are shifted to the
right of what was expected, and are relatively broad in nature,
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Figure 4-9: Pulse-input test #2 conducted through one
of the Patuxent filter units, August 24, 1989.
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rather than sharp as expected for a pulse-input response in a PFR.
Instead of a sharp peak near the theoretical residence time, a
broad peak which is displaced to the right is seen, giving an
erroneously high residence time.  While fluoride proved to be an
acceptable tracer in the case of the clearwell tests, since no
aluminum hydroxide was present, it probably should not be used for
tracer tests through sedimentation basins or filters which contain
significant amounts of aluminum hydroxide. Results have been
reported using fluoride as a tracer in the presence of aluminum
hydroxide for the determination of disinfectant contact times
despite the fact that incomplete fluoride recovery was observed
(23) .
The tracer test through the Patuxent filters was repeated a
third time on October 12, 1989 using sodium instead of fluoride.
Sodium is thought to be relatively inert and not likely to be
adsorbed by the aluminum hydroxide floe.  Sodium chloride
dissolved in distilled water was applied as a pulse to one filter
unit.  The flow through the unit during the test was 13.7 MGD, and
the theoretical residence time was 4 0 minutes.
The results of the third test are shown in Figure 4-10.
Table 4-8 is a summary of the calculations used to analyze the
data for this pulse-input test.  The following is an explanation
of each of the columns in the table:
Column 1
Column 2
Column 3
Time, in minutes, from start of test.
Time, in minutes, between samples.
Measured sodium concentration, mg/1.
4-16
Patuxent Pulse-Input *3, Sodium,10/12/89
f
m
120     140     160     180
1,0
0,8
0,6
0,4
0.2
0,0
time, minutes
F Curve from Patuxent Sodium Tracer ,10/12/89
7
20     40     60     80     100    120    140    160    180
time, minutes
Figure 4-10: Pulse-input test #3 conducted through one
of the Patuxent filter units, October 12, 1989.
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O^^lTable 4-8: Calculations fd 5ulse-input test at Patuxent
Filtration Plant, October 12, 1989.  These calculations are
typical of all calculations used for pulse-input tests.  See
Appendix III for additional data for the remaining pulse-
input tests.
Cikuhtiom for puls«-input test at Patuxent, sodium tracer
October 12,1989
measured actual (C) (C*At»0) F curve (k-0.0172) (model fit) (model fit)
time At cone cone average grams cumulative C/ICit chlorine effectived cheek t*2*E»At Ffor Efor
min mm mg/1 mq/1 cone recovered recoverg C^At Ecurve t»E»Al Co«p(-kl) t*E»C»At E*At variance 4CSTR3 4CSTRs
0 5.30 0.00 400 0.00 0.0000
5 5 5.30 0.00 0.00 0.00 0.00 0.00 0.000 0.000 3.67 0.000 0.000 0.00 0.00 0.0009
10 5 5.40 0.10 0.05 9.00 0.00 0.25 0.001 0.035 3.37 0.118 0.004 0.35 0.01 0.0046
15 5 6.10 0.80 0.45 81.02 0.03 2.25 0.006 0.473 3.09 1.461 0.032 7.09 0.05 0.0098
13 3 6.50 1.20 1.00 108.03 0.07 3.00 0.014 0.756 2.93 2.220 0.042 13.61 0.09 0.0129
21 3 6.70 1.40 1.30 140.44 0.12 3.90 0.018 1.147 2.79 3.197 0.055 24.09 0.13 0.0156
24 3 6.70 1.40 1.40 151.24 0.17 4.20 0.020 1.412 2.65 3.737 0.059 33.88 0.18 0.0178
26 2 7.00 1.70 1.55 111.63 0.21 3.10 0.022 1.129 2.56 2.887 0.043 29.35 0.22 0.0188
28 2 7.00 1.70 1.70 122.43 0.26 3.40 0.024 1.333 2.47 3.295 0.048 37.33 0.26 0.0196
30 2 7.00 1.70 1.70 122.43 0.30 3.40 0.024 1.429 2.39 3.411 0.048 42.86 0.30 0.0201
•tk 32 2 6.80 1.50 1.60 115.23 0.34 3.20 0.022 1.434 2.31 3.308 0.045 45.89 0.34 0.0203
1
M
34 2 6.80 1.50 1.50 108.03 0.38 3.00 0.021 1.429 2.23 3.184 0.042 48.57 0.38 0.0203
56 2 6.60 1.30 1.40 100.83 0.42 2.80 0.020 1.412 2.15 3.040 0.039 50.82 0.42 0.0201
cr 38 2 6.60 1.30 1.30 93.63 0.45 2.60 0.018 1.384 2.08 2.879 0.036 52.58 0.46 0.0197
40 2 680 1.50 1.40 100.83 0.49 2.80 0.020 1.569 2.01 3.153 0.039 62.75 0.50 0.0192
42 2 6.40 1.10 1.30 93.63 0.52 2.60 0.018 1.529 1.94 2.971 0.036 64.24 0.54 0.0185
44 2 6.50 1.20 1.15 82.82 0.55 2.30 0.016 1.417 1.88 2.660 0.032 62.36 0.57 0.0178
46 2 6.40 1.10 1.15 82.82 0.58 2.30 0.016 1.482 1.81 2.687 0.032 68.16 0.61 0.0169
43 2 6.40 1.10 1.10 79.22 0.61 2.20 0.015 1.479 1.75 2.591 0.031 70.99 0.64 0.0160
50 2 6.50 1.20 1.15 82.82 0.64 2.30 0.016 1.611 1.69 2.726 0.032 80.53 0.67 0.0151
53 3 6.20 0.90 1.05 113.43 0.68 3.15 0.015 2.338 1.61 3.759 0.044 123.93 0.71 0.0137
56 3 6.20 0.90 0.90 97.23 0.71 2.70 0.013 2.118 1.53 3.233 0.038 118.59 0.75 0.0123
59 3 6.00 0.70 0.80 86.42 0.74 2.40 0.011 1.983 1.45 2.875 0.034 117.01 0.79 0.0109
62 3 6.00 0.70 0.70 75.62 0.77 2.10 0.010 1.824 1.38 2.511 0.029 113.06 0.82 0.0097
65 3 5.90 0.60 0.65 70.22 0.80 1.95 0.009 1.775 1.31 2.321 0.027 115.39 0.84 0.0085
70 5 5.70 0.40 0.50 90.03 0.83 2.50 0.007 2.451 1.20 2.941 0.035 171.57 0.88 0.0067
75 5 5.70 0.40 0.40 72.02 0.85 2.00 0.006 2.101 1.10 2.313 0.028 157.56 0.91 0.0053
80 5 5.50 0.20 0.30 54.02 0.87 1.50 0.004 1.681 t.01 1.698 0.021 134.45 0.93 0.0040
90 10 5.40 0.10 0.15 54.02 0.89 1.50 0.002 1.891 0.85 1.608 0.021 170.17 0.96 0.0023
100 10 5.40 0.10 0.10 36.01 0.90 1.00 0.001 1.401 0.72 1.003 0.014 140.06 0.98 0.0013
120 20 5.30 0.00 0.05 36.01 0.92 1.00 0.001 1.681 0.51 0.853 0.014 201.68 1.00 0.0004
140 20 5.30 0.00 0.00 0.00 0.92 0.00 0.000 0.000 0.36 0.000 0.000 0.00 1.00 0.0001
180 40 5.30 0.00 0.00 0.00 0.92 0.00 0.000 0.000 0.18 0.000 0.000 0.00 1.00 0.0000
2571 71.4 44 75 1.00 449
Column 4:  Actual concentration. Column 3 minus background or raw
water sodium concentration, in mg/1.
Column 5:  The average of each two consecutive sodium
concentrations, (Ci + Ci+i)/2, for the time interval.
Column 6:  Column 5 (mg/1) x Column 2 (minutes) x flow through
filter, Q (1/minute) / 1000.  Each value is the number of
grams of sodium recovered for the time interval.
Column 7:  F curve, sum of all values in Column 6 up to time t,
divided by the total number of grams of sodium added for test
(2803 grams).
Column 8:  Column 5 x Column 2
Column 9:  E curve. Column 5 divided by the sum of Column 8 (Ei =
Ci/ICAt) .
Column 10: Mean residence time calculation. Column 1 x Column 9 x
Column 2 (see Equation 2-9).
Column 11: Theoretical instantaneous chlorine concentration at
time t assuming first order chlorine decay kinetics (see
Equation 2-17) .
Column 12: Effective CT, Column 1 x Column 2 x Column 9 x Column
11 (see Equation 2-18).
Column 13: Check on the E curve. The sum of the EAt should be 1.0.
Column 14: Variance calculation (see Equation 2-10).
Column 15: Theoretical F curve for a four-tanks-in-series model
(see Equation 2-12).
Column 16: Theoretical E curve for a four-tanks-in-series model
(see Equation 2-13).
For the third Patuxent test. Table 4-8 and Figure 4-10 show
that 92% of the sodium was recovered.  The peak is much sharper
than those of the first and second tests and occurs closer to the
theoretical time of 40 minutes.  Figure 4-11 is a comparison of
the two E curves generated from the fluoride and sodium pulse-
input tests.  The times have been normalized by dividing each by
the theoretical residence times.  This figure clearly shows the
extreme spread of the fluoride tracer curve relative to the sodium
tracer curve, and also the shift to the right on the time scale
for the fluoride test.
For this pulse-input test, samples were collected from the
combined effluent of the entire filter unit, which is made up of
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Comparison of E Curves, Fluoride and Sodium Tracer*
Through Patuxent Filter Unit
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Figure 4-11: Comparison of E curves for Patuxent test #2
(using fluoride) and test #3 (using sodium) through one
filter unit.
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six individual filters.  At the time of the third test (the one
using sodium), the "ages" of the filters (times elapsed since
latest backwashings) were as follows:
filter #7 25 hours
filter #8 42 hours
filter #9 42 hours
filter #10 11 hours
filter #11 11 hours
filter #12 14 hours
Filter runs at the Patuxent plant are typically 80 to 90 hours.
The filter unit as a whole was relatively clean.  The spread of
ages of the individual filters in the unit probably accounts for
much of the spread of the sodium tracer curve.
The F curve developed from the sodium tracer test is shown in
Figure 4-10.  The values for T^o and T50 are 20 minutes and 41
minutes, respectively.  The T50 agrees well with the theoretical
residence time of 4 0 minutes.  The ratio Tio/T is 0.50, which
classifies the filter unit as "average" according to the Guidance
Manual.  These results are summarized in Table 4-9.  One would
expect a filter to have a higher ratio (in the superior category,
between 0.7 and 0.9), but since the unit is a combination of six
individual filters of different ages, the ratio of 0.50 is not
unreasonable.
The CT credit allowed by the SWTR for this filter unit is 2.0
mg/1, the typical chlorine concentration at the effluent of the
filter unit, multiplied by Tio, which is 20 minutes, or 40 mg/1-
min.  The pH of the water in the filter is typically about 6.5 (it
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Table 4-9: Summary of Pulse-Input Test using Sodium,
Patuxent Plant Filter Unit, 10/12/89
Percent Recovery:  92
Theoretical time,
T, minutes:        40
Tio, from F curve,
minutes: 20
T50, from F curve,
minutes: 41
Ratio of
Tio/T: 0.5
Mean residence time,
t, minutes:        44
N, number of tanks
in series: 4
CT credit from
SWTR, mg/l-min:    4 0
Effective CT,
mg/l-min: 75
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is adjusted upward after filtration).  For cold water conditions
(critical values for inactivation of Giardia) at the Patuxent
plant, a CT of 33 mg/l-min would be required for 0.5-log
inactivation of Giardia (pH = 6.5, temperature = 0.5°C, chlorine
residual = 2.0 mg/l) and a corresponding Tio of 16.5 minutes.  The
sodium tracer tests indicated that Tio = 20 minutes, so the plant
would be able to meet this inactivation requirement with the
filter units as long as they maintain a chlorine residual of 2.0
mg/l and a pH of 6.5.  This is important because WSSC is
considering adding ammonia after filtration at the Patuxent plant.
Once the ammonia is added, chloramines will be formed, and they
are not nearly as effective as free chlorine for inactivation of
Giardia or viruses (See Appendix I).  It appears that the plant
would be able to meet the CT requirement with chlorine contact
only through the filters.
The E curve generated from the third pulse input test has
exactly the same shape as the concentration vs. time curve in
Figure 4-10.  This is because the E values are simply C/LcAt or
C/constant.  From the E curve, a mean time, t, of 44 minutes was
calculated.  This agrees well with the theoretical time, T, of 40
minutes, and T50, which is 41 minutes.  These results are
summarized in Table 4-9.
The effective CT value was calculated as before, by combining
the E curve with the assumed first-order chlorine decay kinetics.
Equation 4-1 was used to determine k, the rate constant.  The
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chlorine dose of 4.0 mg/1 was used for Co/ and the residual
chlorine concentration leaving the filters, 2.0 mg/1 was used for
C.  The time used was the mean residence time, 44 minutes, derived
from the E curve, divided by the number of tanks in the tanks-in-
series model.  N, the number of equally-sized tanks in series,
calculated from Equation 2-11, was 4.  Thus t in Equation 4-2 was
44/4 or 11 minutes. Figure 4-12 is a comparison of the measured F
curve to the curve calculated from the four-tanks-in-series model.
As the figure demonstrates, the model is a reasonable
approximation of the behavior of the filter unit.  Substitution of
the above values into Equation 4-1 yielded a rate constant, k, of
0.0172 min'^.
The effective CT for the Patuxent pulse-input test is 75
mg/l-min.  This is higher than the SWTR CT of 4 0 mg/l-min.  As was
seen in the step-input tests, the effective CT is higher than the
CT allowed by the SWTR.
4.2.2 OWASA Filtration Plant Results
A pulse input test was conducted through the clearwell of the
OWASA plant on September 24, 1989.  This is referred to as OWASA
Test #1. Fluoride (HjSiFg) was added to the filtered water
immediately upstream of the reservoir, and samples were collected
at the effluent of the tank.  The fluoride feed to the tank had
been turned off more than 24 hours before the start of the test.
The flow was held constant during the test at a rate of 7.8 MGD.
The clearwell was nearly full, with a total volume of 1.44 million
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Figure 4-12: F curve and E curve for tanks-in-series model
fitted to measured curves for Patuxent test #3 (using
sodium).
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gallons, so the theoretical residence time was 4.4 hours.  The
results are shown in Figure 4-13.
Ninety percent of the fluoride was recovered for this pulse
input test, as shown by the F curve.  The values generated for Tio
and T50 are 0.70 hours (42 minutes) and 2.7 hours (162 minutes),
respectively.  The theoretical time, T, for this tank under the
given flow conditions was 4.4 hours (264 minutes).  There is a
significant difference between the theoretical residence time and
the T50 in this case.  The ratio of Tio/T is 0.15, indicating
significant short circuiting.  These results are summarized in
Table 4-10.
The OWASA clearwell has no interior baffling and its inlet
and outlet structures are adjacent to each other on the same side
of the tank.  This configuration results in extreme short-
circuiting through the tank.  (See Figure 3-6 for a schematic
drawing of the structure.)  The bulk of the water flows directly
from the inlet to the outlet without circulating through the tank,
as can be seen by the shape of the tracer curve.  A very large
peak was seen early in the test, then a steadily decreasing
fluoride concentration.
In the winter, the water temperature drops to about 5°C.  For
a pH of 7.5 and a chlorine residual of 1.8 mg/1 (typical values
for this tank), a CT of 33 mg/l-min is required for a 0.5-log
inactivation of Giardia^ with a corresponding Tio of 18 minutes.
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OWASA Test * 1. Pulse-Input Through Clearwell, 9/24/89
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Figure 4-13: Pulse-input test through OWASA clearwell,
September 24, 1989, with corresponding F curve.
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Table 4-10: Summary of Pulse-Input Test using Fluoride,
OWASA Clearwell, 9/24/89
Percent Recovery:   90
Theoretical time,
T, minutes:      264
Tio, from F curve,
minutes: 42
T50, from F curve,
minutes: 162
Ratio of
Tio/T: 0.15
Mean residence time,
t, minutes:        165
N, number of tanks
in series:        0.4
CT credit from
SWTR, mg/l-min:    76
Effective CT,
mg/l-min: 264
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According to the results of the tracer test, the OWASA clearwell
will be able to meet this requirement under the given flow
conditions.  The CT credit allowed by the SWTR for the test
conditions for the OWASA clearwell was (42 minutes) x (1.8 mg/1) =
76 mg/l-min.  The raw data and calculations for this tracer test
are included in Appendix III.
An E curve was developed from the tracer data and, as with
all E curves from pulse-input tests, it has exactly the same shape
as the concentration vs. time curve. From the E curve, a mean
residence time, t, of 2.75 hours (165 minutes) was calculated.
This agrees well with the T50 obtained from the F curve (see Table
4-10), but is quite different from the theoretical residence time
of 4.4 hours (264 minutes).  Therefore, the theoretical time for
the OWASA clearwell is questionable.  It is likely that, because
of the configuration of the tank and the inlet and outlet
structures, much of the tank is ineffective, dead space.  The
values for t and T50 are better indications of the residence time
in the clearwell than the theoretical time.
The "effective CT" value was obtained as before, by combining
the E curve with the kinetics of chlorine decay.  The number of
tanks in series that most closely fits this tank is one.  Figure
4-14 is a plot of one- and two- CSTR curves compared to the
measured F curve. This figure suggests that the one CSTR model is
reasonable. The rate constant, k, was found using Equation 4-2
and assuming Co = 2.5 mg/1, the chlorine concentration at the
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Figure 4-14: Tanks-in-series model fitted to measured F curve
for pulse-input test through OWASA clearweil, September 24,
1989.
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effluent of the filters, and C = 1.8 mg/1, the concentration at
the effluent of the clearwell.  The time use was 2.75 hours, the
mean residence time calculated from the E curve.  These values
were substituted into Equation 4-1, yielding a rate constant of
0.119 hr"^.  Using this information, the effective CT is 264 mg/1-
min.  This value is much greater than 76 mg/l-min, the CT credit
allowed by the SWTR, as expected.  These results are summarized in
Table 4-10.
Two pulse-input tests at the OWASA plant were conducted on
August 15, 1989.  These are referred to as OWASA Tests #2 and #3.
Hydrofluosilicic acid was added immediately upstream of one of the
filters, and samples were collected at the effluent of this filter
(Test #2) and at the effluent of the clearwell (Test #3).  In this
way, the RTD of the filter and of the entire chlorinated portion
of the plant were developed.  The flow rate during the test was
7.6 MGD, and the volumes for the filter and clearwell were 0.0226
million gallons and 1.074 million gallons, respectively.  Since
only one of the five filters was used, it was assumed to have one-
fifth of the total plant flow, since the flow rates for the
individual filters could be not monitored.  This assumption may
not be valid in view of the results from the first pulse-input
test through the Patuxent filters, which indicated that the flow
was a function of the age of the filters or the time since
backwashing.
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The results of the pulse-input tests are shown in Figure 4-
15.  The peak through the filter is sharp and well-defined, as
expected for a tracer test through filter.  However, the fluoride
concentration does not drop down to zero by the end of the test.
The peak through the entire plant (filter plus clearwell) is much
more disperse, as expected, because of the configuration of the
clearwell.  Mass balances for these two curves indicate that 42%
and 62% of the fluoride was recovered through the filter and the
entire plant, respectively (see Figure 4-16 for corresponding F
curves).  These percentages are unacceptably low, and are
attributed again to the adsorption of fluoride onto aluminum
hydroxide floe trapped in the filter bed, as was the case for the
tests through the Patuxent filters.
The pulse-input test was repeated through the OWASA filter on
September 21, 1989 using sodium and fluoride as the tracer
chemicals.  Each sample was analyzed for both chemicals.  These
tests are referred to as OWASA Tests #4 and #5.  The flow during
this test was 8.1 MGD, and it was assumed again that one fifth of
this flow went through each filter.  Thus the theoretical
detention time was 20 minutes.
Because the raw water fluoride concentration at the OWASA
plant is quite low (about 0.08 mg/1) and the raw water sodium
concentration is higher (about 5 mg/1), more sodium than fluoride
was needed in order to detect a well-defined peak during the
tracer test.  Sodium fluoride is not as soluble in water (4.22
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Figure 4-15: OWASA test #2 and test #3 through one filter and
filter plus clearwell, respectively, August 15, 1989.
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Figure 4-16: F curves generated from OWASA pulse-input
tests #2 and #3 through one filter and
filter plus clearwell, August 15, 1989.
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grams will dissolve in 100 ml of cold water compared to 35.7 grams
of NaCl).  Reagent grade NaF is also expensive.  In a pulse-input
test, the tracer solution must be introduced into the basin as
quickly as possible, thus a small volume of solution is desirable.
For these reasons, a mixture of NaF and NaCl was used for the
tracer test.  This mixture contained 51 moles of sodium and 36
moles of fluoride in 12 gallons (45.4 liters) of distilled water.
The results of the tracer tests are shown in Figure 4-17.
One hundred percent of the sodium was recovered and only 18% of
the fluoride was recovered.  The peak fluoride concentration
occurs at 19 minutes, while the peak sodium concentration is at 13
minutes.  The sodium curve is noticeably more compact with little
tailing; the fluoride curve is more spread out and has a
significant tail.  The relative shapes of the two curves can be
seen more clearly in Figure 4-18, which is a plot of the molar
concentration of each chemical.  This curve illustrates the large
difference in recovery of the two tracer chemicals.  Even though
approximately 30% more sodium (on a molar basis) was added, the
peak sodium concent; rat ion is seven times higher than the peak
fluoride concentration.   The shift to the right of the fluoride
peak relative to the sodium peak is also illustrated in this
figure.  Figure 4-19 is a comparative plot of the E curves for the
two tracers. This figure clearly illustrates the increased
spread, significant tail, and shift to the right of the fluoride
curve relative to the sodium curve.  It is clear from these two
curves that fluoride is not an effective tracer for use in filter
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Figure 4-17: OWASA pulse-input tests #4 and #5 through
one filter using fluoride and sodium as tracers
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Sodium and Fluoride Through OWASA Filter. 9/21 /89
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Figure 4-18: Comparison of molar concentrations for OWASA
test #4 and #5, fluoride and sodium
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Figure 4-19: Comparison of E curves for OWASA test #4 and #5,
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tests, presumably due to adsorption on the aluminum hydroxide floe
trapped in the filter bed.
From the E curve developed for the sodium tracer test, the
mean residence times, t, was determined to be 21 minutes. This
agrees well with the theoretical time of 20 minutes.
An F curve was also generated from the sodium data.  This is
shown in Figure 4-20.  The values of Tio and T50 are 10 minutes and
18 minutes, respectively.  These results are summarized in Table
4-11.  These values are as expected, although the ratio Tiq/T (0.5)
is slightly lower than that suggested by the Guidance Manual for a
filter. An inspection of the filter after the test revealed that
the surface was not smooth, and these "peaks and valleys" may have
caused some short circuiting through the filter.  Because of the
agreement between the theoretical residence time, the mean
residence time, and the T50 generated from the test, the assumption
that one fifth of the plant flow went through the filter was
reasonable.
Under cold water conditions (5°C for this plant) with a pH of
6.5 in the filters and a chlorine residual in the effluent of 2.5
mg/1, all typical values; a CT of 24 mg/l-min would be required
for a 0.5-log inactivation of Giardia^ corresponding to a Tio of 10
minutes.  The measured Tio was 10 minutes, so the plant would be
able to meet this contact time requirement through the filters,
but just barely.  If the water temperature dropped or the flow had
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Figure 4-20: F curve generated from OWASA test #5,
sodium tracer
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Table 4-11: Summary of Pulse-Input Test using Sodium,
OWASA filter, 9/21/89
Percent Recovery:  100
Theoretical time,
T, minutes:        20
Tio, from F curve,
minutes: 10
T50, from F curve,
minutes: 18
Ratio of
Tio/T: 0.5
Mean residence time,
t, minutes:        21
N, number of tanks
in series: 4
CT credit from
SWTR, mg/l-min:     25
Effective CT,
mg/l-min: 33
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to be increased, the chlorine dose would have to be raised to meet
the CT requirement solely in the filters.
The effective CT for the sodium test was determined in the
same manner as for the previous tests.  The model used was four
CSTR's in series, and Figure 4-21 is a plot of the F curve from
the model and the measured F curve from the sodium test.  This
figure indicates that the model is reasonable.  Equation 4-1 was
used to determine the rate constant, with N = 4; Co = 5.0 mg/1, the
chlorine dose upstream of the OWASA filters, C = 2.5 mg/1, the
chlorine residual in the effluent of the filters, and t = 21
minutes, the mean residence time generated from the E curve.
These values yielded a rate constant, k, of 0.04 96 min'-"-.  The
effective CT for this test was 33 mg/l-min, as compared to the
SWTR CT credit of 25 mg/l-min.  As with the previous analyses, the
effective CT is higher than the CT credit allowed by the SWTR, but
not as much as in the previous cases.
After the last tracer test was completed, the water was
drained from the filter bed and two samples of the media were
collected.  These samples were cores, two-inches diameter and
approximately eight inches deep.  The total surface area of the
filter bed is 324 square feet, thus each sample represented
0.0067% of the surface area of the filter.  These samples were
added to distilled water and acidified with sulfuric acid to a pH
of less than 3 to dissolve any aluminum hydroxide floe trapped in
the core. After allowing the cleaned sand to settle,  the
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supernatant was analyzed for fluoride.  From this analysis,
extrapolating the results to the entire surface area of the
filter, 23 moles of fluoride were recovered from the filter bed.
Together with the 6 moles of fluoride recovered in the effluent
samples, 81% of the added fluoride was accounted for.  This rough
analysis shows that most of the fluoride added for the tracer test
was retained in the filter bed.
4-28
5.0 SUMMARY AND RECOMMENDATIONS
5.1 Summary
1. Tracer tests have been demonstrated to be a very effective
method of characterizing the behavior of flow through process
units in water treatment plants.  Residence Time Distributions
have been used to describe flow behavior and to determine ideal
reactor models which closely approximate the behavior of the real
tanks.
2. Based on the tracer studies conducted, none of the three
water treatment plants should have difficulty in complying with
the disinfection requirements of the Surface Water Treatment Rule
if they are given "credit" by their regulatory agencies for 2.5-
log removal of Giardia through the filters, thus requiring a 0.5-
log inactivation through disinfection with chlorine.  This degree
of removal is recommended in the Guidance Manual for systems
employing conventional treatment, which includes the three plants
studied in this project.  Table 5-1 is a summary of all of the
valid tracer tests conducted.  It includes the CT's required under
the worst-case conditions, and the CT's achieved under the tracer
test conditions.  The last column in the table is the inactivation
ratio, CTcaic/CTo.5 (see Chapter 2 for background).  If this
inactivation ratio for the entire plant is one or greater, then
the plant is in compliance with the disinfection requirements for
0.5-log inactivation of Giardia.
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Table 5-1: Summary of compliance with Surface Water Treatment Rule disinfection
requirements (CT's) for all plants studied, cold-water conditions.
I
M
process winter typical SWTR CT SWTR CT inactivation
unit temp typical residual measured achieved required ratio
Plant Studied ic m CI2. m/l lio. min mg/l-min mg/l-min ClcalcZClo.S
POTOMAC reservior 0.5 7.5 2.6 37
99
•24
47
96
257
62
122
51 1.9
5.0
1.2 •
2.4
PATUXENT reservoir 0.5 8.5 1.5 42
72
30
48
63
108
45
72
65 0.97
1.7
0.71
1.1
filter 0.5 6.5 2.0 20 40 33 1.2
OWASA
overall 2.2
2.9
1.9
2.3
reservoir 5.0 7.5 1.8 42 76 33 2.3
filter 5.0 6.5 2.5 10 25 24 1.0
overall 3.3
In all cases studied, the plants would meet the disinfection
requirements, even under the worst-case conditions of high flow,
low reservoir volume, and cold temperature.  It should be noted
that these conditions usually do not occur simultaneously.  In the
winter, when temperatures are lowest, flows are usually lowest.
Highest flows are usually recorded in the warm summer months.
It is interesting to note that the Patuxent plant may be able
to meet the CT requirement for 0.5-log inactivation with chlorine
contact through only its filters.  The same is true for the OWASA
plant, but just barely.  Adding ammonia after filtration may be an
effective and economical way to minimize TTHM formation for these
plants.  More work must be done to verify such potential
modifications for disinfection by-product control.
3. The standard fractions (Tio/T) listed for various
categories of baffling of tanks in the Guidance Manual appear to
be accurate.  In the three sets of reservoirs studied, the ratios
calculated from tracer tests were in the ranges suggested by the
Manual.  Both the OWASA and Patuxent clearwells, based on their
configurations, are predicted by the Manual to be in the "poor"
category for baffling characteristics.  The poor category is
expected to have ratios of Tio/T between 0.1 and 0.3, and the
tracer tests for the OWASA and Patuxent clearwells produced ratios
in this range.  Because of its interior baffling, the Potomac
reservoirs are predicted by the Guidance Manual to be in the
"average" baffling category, with ratios between 0.4 and 0.6. The
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Tio/T ratios measured for the Potomac reservoirs were within this
range. . / ':
For both of the filters studied, the ratio Tio/T was 0.5.  The
Guidance Manual suggest a Tiq/T ratio for a filter closer to 0.7.
The Patuxent filters were tested as a unit, which is a combination
of six filters.  This may account for some of the difference
between the suggested ratio and the calculated ratio.  For the
OWASA plant, only one filter was tested.  This filter had a very
uneven surface, which may have led to some short-circuiting.  This
would explain some of the difference between the expected ratios
and those actually measured.  Alternatively, it may be that a
ratio of 0.7 is too high to be realistic in a real filtration
plant.
4. Fluoride should not be used as a tracer through filters in
the presence of aluminum hydroxide floe.  A significant amount of
the fluoride is adsorbed by the aluminum hydroxide, causing
unacceptably low recovery rates. Fluoride removal in this case is
"temporary"; as the tracer test proceeds, some of the fluoride is
desorbed from the floe back into the water, and this shows up in
the effluent samples.  This desorption phenomenon leads to
distorted residence time distributions.  It may be possible to
compensate for the presence of aluminum hydroxide by using a very
large mass of fluoride so that the percent removed is low, but the
tracer curves may still be shifted to the right on the time scale.
Sodium appears to be a much better tracer. Very good recovery
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rates are possible, and acceptable residence time distributions
can be generated.  Because of the problems associated with
fluoride in the presence of aluminum hydroxide, only three of the
eight pulse-input tests conducted in this study were considered
valid.
5. In general, pulse-input tests require somewhat more effort
than step-input tests.  Care must be taken to space the times of
sample collection so that the peak is well-defined.  For a unit
that is expected to act like a PFR, this would imply collecting
many samples near the theoretical residence time.  For a unit that
is expected to have more mixing, more samples must be collected
because the precise time of the peak is not predictable.
A mass balance must be conducted to determine the amount of
tracer recovered for a pulse-input test.  This study showed that
it is possible to achieve high recoveries (90% to 100%).  Results
from tracer tests with less than 90% recovery should be used with
caution, or better yet, should not be used at all.  A mass balance
is not necessary for a step-input test; the step-input must be
continued until the concentration of the tracer in the effluent is
the same as in the influent.
In all of the tracer tests, the values generated for T50 were
very close to the theoretical residence times.  This was a useful
check on the accuracy of the tests.  If the T50 was near the
theoretical time, the results were considered valid.  The mean
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residence times, t, usually agreed well with theoretical times
also.  In the cases of extreme variations in flow, the correlation
was not as good.
6. The analysis of the effective CT for each plant,
calculated from the kinetics of chlorine decay and the Residence
Time Distributions, indicated that a substantial margin of safety
in the degree of pathogen inactivation is built in to the SWTR.
In all cases, the effective CT was significantly higher, by a
factor of up to 6 times, than the CT allowed by the SWTR, i.e.,
CeffiuentTio-  These higher effective CT's imply a higher degree of
Giardia inactivation. '
5.2 Recommendations
The effective CT's were calculated assuming that chlorine
decay could be modeled as a first-order chemical reaction.  This
assumption was not verified in this project.  Bench-scale tests
should be conducted with water from each treatment plant to
determine the actual kinetics of chlorine dissipation.  Chlorine
could be added to the water and its concentration monitored over
time, and a model could be fitted to the decay curve.  This
kinetic model could then be used together with the residence time
distributions to more accurately determine the "effective CT's".
The effective CT's could be verified by conducting a study
through the plants with a nonpathogenic microorganism such as
coliphage along with the tracer study. A known amount of these
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viruses could be added to the water at the point of disinfection,
and the number of viable microorganisms at the effluent of the
process unit could be determined.  Thus the degree of inactivation
could be calculated and related to the "effective CT" values
calculated from the RTD and chlorine kinetics and also to the CT
allowed by the Surface Water Treatment Rule.
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Appendix I
CT Tables (Inactivations Achieved by Various Disinfectants)
from Guidance Manual for Compliance with the Filtration and
Disinfection Requirements for Public Water Systems Using
Surface Water Sources, March 31, 1989
lABUE £-1
CT VALUES FOR INACTIVATION
OF GIARDIA CTSTS BY FREE CHLORINE
AT 0.5 C
pH»6 pH-6.5 CH=7.0
CHLORINE
CONCENTRATION
L09 InactivBCions Log Inactivstions Log 1nac 11 vat tons
(mg/L) 0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 i.a 2.5 3.0 :.5 1.0 1.5 2.0 2.5 3.;
<=0.4 23 46 69 91 114 137 27 54 82 109 136 163 33 65 58 130 143 1950.6 24 47 71 94 113 141 28 56 84 112 140 163 33 67 100 133 167 2C0o.a 24 48 73 97 121 145 29 57 86 115 143 172 34 68 103 137 171 2:51 25 49 74 99 123 148 29 59 88 117 147 176 35 70 105 ͣ40 175 21J1.2 25 51 76 101 127 152 30 60 90 120 150 180 36 72 1C8 143 179 21S1.4 26 52 78 103 129 155 31 61 92 123 153 184 37 74 111 :47 134 2211.6 26 52 79 105 131 157 32 63 95 126 158 139 38 75 113 ^51 138 2261.8 27 54 81 108 135 162 32 64 97 129 161 193 39 77 116 ;54 193 2312 28 55 S3 110 133 165 33 66 99 131 164 197 39 79 113 ;57 197 2362.2 28 56 85 113 141 169 ͣ»/ *7 101 134 168 201 40 81 121 ͣ51 202 2422.4 29 57 86 115 143 172 34 68 103 137 171 205 41 32 124 ^65 206 2472.6 29 58 88 117 146 175 35 70 105 139 174 209 42 34 126 •68 210 2522.8 30 59 89 119 148 175 36 71 107 142 178 213 43 36 129 171 214 2573 30 60 91 121 151 181 36 72 109 145 181 217 44 37 131 :74 218 261
p«»7.5 pH»«.0 ?.-.=8.5
CHLORIKE
CONCENTRATION
(mS/L)
Log Inactivations Log Inacttvations
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
<»0.4 40 79 119 158 198 237 46 92 139 185 231 2770.6 40 80 u(i oy \y't 0/ •**J ,, k3 191 238 2360.8 41 82 123 164 205 246 49 98 148 197 246 2951 42 84 127 169 211 253 51 101 152 203 253 3041.2 43 86 130 173 216 259 52 104 157 209 261 3131.4 44 89 133 177 222 266 54 107 161 214 268 3211.6 46 91 137 182 228 273 55 110 165 219 274 3291.8 47 93 140 186 233 279 56 113 169 225 282 3382 4S 95 143 191 238 286 58 115 173 231 238 3462.2 50 99 149 198 248 Z97 59 118 177 235 294 3532.4 50 99 149 199 248 298 60 120 181 241 301 3612.4 51 101 152 203 253 304 61 123 184 245 307 3632.8 52 103 155 207 258 310 63 125 188 250 313 3753 53 105 158 211 263 316 M 127 191 255 318 332
Log Inacrivirions
6.if
I
/•2
I-i
0-^   Jo  /r ^o Ar s.o
s-s" no  /if Ai? ^7f 3c^57 n't   ni 23$ J«^ S'i2
S^ Hi    iTJ J3(, S^i 3^40,1 i:i:x   m J13 3e-i- 3(/?
U3. j;i< in JISJ   3ii 31U
Its' 17^   l^'i ^SS 33a 3J7
Ub ISA   lf\   3US 3SI 3t7Ip^ I3(j,  ^i Xli  531 ^fi?
70 t3fi   M JT?  34% H\1
ͣJi    7/ /*X Ji5 3^ ii^  ^Ha^ ͣ'f    13 Its ^l« :^'V> 3US tilS
Xt*   If Hi  ^Xi. y^l, 310 ^44
J-»   75" /5'   ;ix, *»!   377 4^i
J     V ;s3 Alo uq 5i3 ^yl
p««9.0
Log InactjvationsCHLORINE
COMCEKIRATION  ....................................
(mg/l.)     0.5      1.0     1.5     2.0     2.5     3.0
=0.4 65 130 195 260 325 390
O.i 68 136 204 271 339 407
«'« 70 141 211 281 352 422
1 73 146 219 291 364 437
1.2 75 150 226 301 376 451
1.4 n 155 232 309 387 464
1.« 80 159 239 318 398 477
1.8 82 163 245 326 408 489
2 83 167 250 333 417 500
2.2 85 170 256 341 426 511
2.4 87 174 261 348 435 522
2.4 39 178 267 355 444 533
2.8 91 181 272 362 453 5-T
3 92 184 276 368 460 552 Mote:    CTpQ q=CT for j-loq inactivation
TA81E E-2
cr values ros nucimnoi
OF CIAROIA CTSTS ST FREE CHLUINC
AT S C
pM«i pH«i.S 0H>7.0 .....(.
CHLMINE
CCKCEMTRATICM
L09 InactWations Log Inaetivations LO? Inaetivations
" ͣ              •'
(nj/U O.S i.o- 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0 O.S 1.0 1.5 2.0 2.5 3.0
««0.4 16 32 49 65 81 97 20 39 59 78 98 117 a 46 70 93 114 139
0.6 17 33 50 67 83 100 20 40 60 SO too 120 24 43 72 95 119 143
o.a 17 34 52 69 86 103 20 41 61 81 102 122 24 49 73 97 122 146
i 18 35 53 70 £8 105 21 42 63 83 104 125 25 50 75 99 124 149
1.2 18 36 54 71 89 107 21 42 64 85 106 127 25 51 76 101 127 152
1.4 IS 36 55 73 91 109 22 43 65 87 108 130 26 52 78 103 129 155
1.6 19 37 56 74 93 111 22 44 66 88 110 132 26 53 79 105 132 158
1.S 1? 38 57 76 95 114 23 45 68 50 113 135 27 54 81 108 135 142
2 19 39 58 77 97 116 23 46 69 92 115 138 28 55 93 110 133 145
2.2 20 39 59 79 98 118 23 47 70 93 117 140 28 56 85 113 141
2.4 20 40 60 SO 100 120 24 48 72 95 119 143 29 57 •6 115 143 172
2.6 20 41 61 81 102 •122 24 49 73 97 122 146- 29 58 88 117 146 175
2.8 21 41 62 83 103 124 25 49 74 99 123 148 30 . 59 89 119 148 178
3 21 42 63 84-
pM»7.5
105 126 25 50 76 101
pM*8.0
126 151 30 61 91 121
?M>8.5
152 182
CHI MINE
CCMCENmMCN •
(ll>9/t>
log tnaetivacions log InaettvatJons L09 Inaetivatfers
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.3 1.5 2.: 2.5 3.0
o0.4 28 55 83 111 138 146 33 M 00 :3X 145 1?S 37 ?7 118 157 197 234
0.6 29 57 86 114 143 171 34 68 102 136 170 2C4 41
• • ••
:" ::3 244
0.8 29 SB 83 117 146 175 35 70 105 140 175 210 42 • J 126 !i3 2:0 KZs
t 30 60 90 119 149 179 36 72 108 144 130 216 43 37 133 173 217 w/
1.2 31 61 92 122 153 183 37 74 111 147 184 221 45 89 134 173 223 247V
1.4 31 62 94 125 156 187 38 76 114 151 189 227 46 91 137 1J3 223 274
1.6 32 64 96 128 160 192 39 77 116 155 193 232 47 94 141 ;S7 234 231
1.8 33 65 98 131 163 196 40 79 119 159 198 233 48 96 144 191 239 237
2 33 67 100 133 167 200 41 81 122 162 203 243 49 98 147 ͣ.94 245 294
2.2 34 68 102 136 170 204 41 83 124 165 207 243 50 100 150 2:0 253 330
2.4 35 70 105 139 174 209 42 84 127 169 211 253 51 102 153 2C4 255 3:4
2.6 36 71 107 142 178 213 43 86 129 172 215 253 52 104 156 2CS 240 312
2.8 36 72 109 145 181 217 44 88 132 175 219 263 53 1C6 159 212 245 313
3 37 74 111 147 184 221 45 89 134 179 223 248 54 1C3 142 214 270 324
pM»9.0
CMlCftlHE
CCNCEMtRATtCM
(n9/L)
Log Inaetivations
0.5 1.0 1.5 2.0 2.S 3.0
<»0.* 47 93 140 186 233 279
0.6 49 97 146 194 243 291
0.8 50 100 151 201 251 301
1 52 104 156 208 260 312
1.2 53 107 160 213 267 320
1.4 55 110 165 219 274 329
1.6 56 112 169 225 281 337
1.8 SS 115 173 230 283 345
2 59 118 177 235 294 353
2.2 60 120 181 241 331 341
2.4 61 123 184 245 307 368
2.4 63 125 188 250 313 375
2.8 64 127 191 255 318 332
3 65 133 195 259 324 339 f.'ote:    CT        = CT for 3-loq inactivatinn
/
TABLE E-3
CT VALUES fOR INACTIVAriON
Of GIAROU CYSTS BY FREE CHLORINE
AT 10 C
pH<6 pH«4.5 pH»7.0
CHLORIME
CONCENTRATION
(ms/L)
Log InactivBtions Log Inactivations Log 1nactivations
O.S 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5      2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
<'Q.i 12 24 37 49 61 73 15 29 44         59 73 88 17 35 52 69 37 1040.6 13 25 38 50 63 75 15 30 45        60 75 90 13 36 54 71 39 '070.8 13 26 39 52 65 78 15 31 46        61 n 92 '8 37 55 73 n 1101 13 26 40 53 66 79 16 31 47        63 73 94 19 37 56 75 53 1121.2 13 27 40 53 67 80 16 32 48        63 79 95 19 38 57 74 95 1141.& 14 27 41 55 68 82 16 33 49        65 32 98 19 39 53 77 97 114l.i 14 28 42 55 69 83 17 33 50        66 83 99 20 40 60 79 59 1191.S 14 29 43 57 72 86 17 34 51        67 34 101 20 41 41 31 1:2 1222 15 29 44 58 73 <<7 17 35 52       69 87 104 21 41 62 33 103 1242.2 15 30 45 59 74 89 18 35 53        70 09 IrtC 21 42 64 35 :C6 1272.« 15 30 45 60 75 90 18 36 54        71 89 107 22 43 45 36 103 1292.« 15 31 46 61 77 92 18 37 55        75 92 110 22 44 66 37 1G9 1312.8 16 31 47 62 78 93 19 37 56        74 93 111 22 45 67 39 112 1345 16 32 48 63
pH.7.5
79 95 19 38 57        75
pN<8.0
94 113 23 46 69 91
pHs8.5
114 137
CHLORINE
CONCENTRATION
(mg/L)
Log Inaettvations Log Inaetivations Log  Inaetivations
O.S 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5      2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.3
«0.4 ?1 42 63 33 104 125 25 SO 75        99 124 149 30 59 39 113 "43 1770.6 21 43 64 85 107 128 26 51 77      102 128 153 3. o. T4 >(.& --- ͣ ' -J-*0.8 ͣ» ͣ> '/. 66 87 109 131 26 53 79      105 132 158 32 63 95 126 '53 1391 22 45 67 39 112 134 27 54 31      108 135 162 33 65 ?3 130 '43 • ͣP51.2 23 46 69 91 114 137 28 55 83      111 138 166 33 67 100 133 •47 2:01.4 23 47 70 93 117 140 28 57 85      113 142 170 34 69 103 137 172 2061.6 24 48 72 96 120 144 29 58 87      116 145 174 35 70 106 141 175 2111.8 25 49 74 98 123 147 30 60 90      119 149 179 34 72 103 143 177 2152 25 50 75 100 125 150 30 61 91      121 152 182 37 r4 111 147 134 2212.2 26 51 77 102 128 153 31 62 93      124 155 136 33 75 113 150 133 2252.4 26 52 79 105 131 157 32 63 95      127 158 190 33 77 115 153 192 2302-4 27 53 80 107 133 160 32 65 97      129 162 194 39 78 117 156 195 2342.8 27 54 82 109 136 163 33 66 . 99      131 164 197 40 30 120 159 199 2393 28 55 83 111
5H.9.0
138 166 34 67 101      134 168 201 41 31 122 162 2C3 243
CHLORINE
/'CHimiTDAT mil    ͣ
Log Insctivations
WUHUNiKAMUM    "
<og/L) 0.5 1.0 1.5 2.0 2.5 3.0
«0.4 35 70 105 139 174 209
0.6 36 73 109 145 182 213
0.8 38 75 113 151 188 226
I1 39 78 117 156 195 234
1.2 40 80 120 160 200 240
1.4 41 82 124 165 206 247 .  — ͣ
1.6 42 84 127 169 211 253
• ͣ
1.4 43 86 130 173 216 259
2 44 88 133 177 221 265
2.2 45 90 136 181 226 271
2.4 46 92 138 1S4 230 276
2.6 47 94 141 187 234 281
2.8
3
48
49
96
97
144
146
191
195
239
243
287
292 rioto: CToc q" CT fo T   3- loa inac tivatio
TABLE £-4
CT VALUES FOR INACTIVATION
OF SIAROIA CYSTS BT FREE CHLCRIME
AT 15 C
pH«« pH>6.S pH«7.0
-rCHLORINE
CONCEKTRATIOM
(mg/L)
Log Injictivations Log Inactivations Log Inactivations V
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
«0.4 3 16 25 33 41 49 10 20 30 Z9 49 59 12 23 35 47 53 700.6 8 17 25 33 42 50 10 20 30 40 50 60 12 24 36 43 60 720.8 9 17 26 35 43 52 10 20 31 41 51 61 12 24 37 49 61 731 9 18 27 35 44 53 11 21 32 42 53 63 13 25 33 50 63 751.2 9 18 27 36 45 54 11 21 32 43 53 64 13 25 33 51 43 761.4 9 18 28 37 46 55 11 22 33 43 54 65 13 26 39 52 65 731.4 9 19 28 37 47 56 11 22 33 44 55 66 13 26 40 53 66 791.8 10 19 29 33 48 57 n 23 34 45 57 68 14 27 41 54 63 312 10 19 29 39 48 53 12 23 35 46 53 69 14 23 42 5' iO a^2>2 10 20 3C '9 49 59 12 23 35 47 58 70 14 23 4J 57 71 352.4 10 20 30 40 50 60 12 24 36 48 60 72 14 29 43 57 72 362.6 10 20 31 41 51 61 12 24 37 49 61 75 15 29 44 59 n 332.8 10 21 31 41 52 62 12 25 37 49 62 74 15 30 45 59 74 893 11 21 32 42
pH»7.5
53 63 13 25 38 51
pH^.O
63 76 15 30 46 61
pM=8.5
76 91
CNLORINE
rnwrPuTPiTTnu -
Log Inactjvat ions Log Inactivacions Log Inactivations
<iiig/L) 0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.S 3.0 a.5 1.0 1.5 2.0 2.5 3.0
<»0.4 14 23 42 55 69 83 17 33 SO 66 33 99 20 39 59 79 93 1130.6 14 29 43 57 72 86 17 34 51 68 85 102 20 4; 61 31 102 "20.8 15 29 44 59 n 88 :ff 75 S3 70 38 105 21 42 63 34 105 1251 15 30 45 60 75 90 18 36 54 72 90 108 22 43 65 37 103 'Y1.2 15 31 46 61 77 92 19 37 56 74 93 111 22 45 67 39 112 '41.4 16 31 47 63 78 94 19 38 57 76 95 114 23 46 69 91 114 137-1.6 16 32 48 64 30 96 19 39 58 77 97 116 24 47 71 94 118 1411.8 16 33 49 65 82 93 20 40 60 79 99 119 24 43 72 96 120 1442 17 33 50 67 33 100 20 41 61 81 102 122 25 49 '4 98 123 ͣ472.2 U 34 51 68 85 102 21 41 62 83 103 124 25 50 '5 'CO 125 1502.4 18 35 53 70 88 105 21 42 64 35 106 127 26 5! rr ͣ02 123 !532.6 18 36 54 71 89 107 22 43 65 86 103 129 26 52 73 !C4 130 1562.8 18 36 55 73 91 109 22 44 66 88 110 132 27 53 80 106 133 1593 19 37 56 74 93 111 22 45 67 89 112 134 27 54 31 1G3 135 162
pH>9.0
Log InactjvacionsCHLORINE
CONCENTRATIOM ....................................
(ing/t.)  O.S  1.0  1.S  2.0  2.5  3.0
<.o.* 23 47 70 93 117 140
24 49 73 97 122 146
25 SO 76 101 126 151
26 52 78 104 130 156
27 53 80 107 133 160
23 55 83 110 138 165
28 54 85 113 141 169
29 58 87 115 144 173
30 59 89 118 148 177
30 60 91 121 151 181
31 61 92 123 153 184
31 63 94 125 157 188
32 64 9S ITT 159 191
33 65 98 130 163 195 Mote:    CTgg    = CT for 3-loq  inactlvat'
L09 Inactivation*
TABU 1-5
CT VALUES fen IMACTIVAnOM
OF GIAROIA CTSrS BT FREE CHLORIME
AT 20 C
CHLORIME
CONCENTRATION ....................................
Cmg/l.) 0.5     1.0     1.5     2.0     2.5     3.0
L09 Inactivactona
0.5      1.0     1.5     2.0     2.5     3.0
pii'T.O
Log Inactivations
0.5      1.0      1.5      2.0     2.5      3.0
<<0.4 12 18 24 30 36 7 15 22 29 37 44 9 17 26 35 43 52
0.6 19 25 32 38 3 15 23 30 33 45 9 18 27 36 i5 54
0.3 20 26 33 39 15 22 31 38 46 9 18 23 37 46 55
1 20 26 33 39 16 24 31 39 47 9 19 23 37 ͣ -> 56
1.2 20 27 33 40 16 24 32 40 48 ;o 19 29 33 i3 57
1.4 21 27 34 41 16 25 33 41 49 10 19 29 39 i3 53
1.6 21 28 35 42 17 25 33 42 50 10 20 30 39 49 5?
1.S 22 29 36 43 17 26 34 43 51 10 20 31 41 51 61
2 22 29 37 44 17 ?« 35 43 52 10 2i 71 41 52 62
2.2 22 29 37 a 18 27 35 44 53 21 rc *2 53 63
2.4 23 30 38 45 18 27 36 45 54 22 33 43 54 65
2.6 23 31 38 46 18 28 37 46 55 22 33 U 55 66
2.a 8 24 31 39 47 19 23 37 47 56 22 34 45 56 67
3 8 24 31 39 47 10 19 29 38 48 57 23 34 45 57 68
pH«7.5
pH»8.0 pH»a.5
L09 InactivationsCHLORINE
CONCENTRATION  ....................................
(mm       0.5    1.0    1.5    2.0    2.5    3.0
L09 Inactivations L09 Inactivarions
0.5  1.0  1.5  2.0  2.5  3.0 3.5 1.0  1.5 2.:      2.5  3.0
^
<rt,4 10 21 31 41 52 62 12 25 37 49 62 74 15 30 45 59 74 39
0.6 11 21 32 43 53 6« tj £U jr y » w>« ^ 15 31 46 61 77 92
. 0.8 22 33 44 55 66 26 40 53 66 79 16 32 48 53 79 95
1 22 34 45 56 67 27 41 54 68 81 •6 33 49 65 32 93
t.2 23 35 46 58 69 28 42 55 69 83 17 33 50 67 33 1C0
1.« 23 35 47 58 70 28 43 57 71 85 17 34 52 69 26 103
1.6 24 36 48 60 72 29 44 58 73 87 '8 35 53 n 53 105
i.a 25 37 49 62 74 30 45 59 74 89 18 36 54 72 ?0 :C3
2 25 33 50 63 75 30 46 61 76 91 18 37 55 n '2 no
2.2 26 39 51 64 77 31 ͣ 47 62 73 93 19 33 57 75 y4 1132.4 26 39 52 65 78 32 48 63 79 95 19 33 53 77 ?6 1152.6 27 40 53 67 SO 32 49 65 81 97 20 39 59 73 ?3 117
2.8 27 41 54 68 81 33 50 66 83 99 20 40 60 70 99 119
3 28 42 55 69 83 34 51 67 34 101 20 41 61 81 1C2 122
pH«9.0
CHLORINE
CONCENTRATION
L09 Inactivations
(mg/L) O.S 1.0 1.5 2.0 2.5 3.0
<*0.i ia 35 53 70 88 105
0.6 18 36 55 73 91 109
0.8 19 38 57 75 94 113
1 20 39 59 78 98 117
1.2 20 40 60 80 100 120
1.4 21 41 62 82 103 123
1.4 21 42 63 fA 105 126
1.8 22 43 65 86 108 129
2 22 44 66 88 110 132
2.2 23 45 68 90 113 135
2.4 23 46 69 92 115 138
2.6 24 47 71 94 118 141
2.8 24 48 72 95 119 143
3 24 49 73 97 122 146 Note:    CTpQ (,= CT for 3-loci inactivar.ion
TABLE E-6
CT VALUES fO« IMACTIVAnOH
OF CIAROIA CYSTS BT FREE CHLMINE
AT 25 C
Log InacttvacioraCHLORINE
COMCEMTRATION ....................................
(mg/L)   0.5  1.0  1.5  2.0  2.5  3.0
Log Inactivations
0.5  1.0  1.5  2.0  2.5  3.0
pMi^.O
Log Inaccivations
0.5  1.0  1.5  2.0  2.5  3.3
<
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pH»7.5
Log InactivationsCHLCRINE
CONCENTRATION  ....................................
<mg/L)    0.5  1.0  1.5  2.0  2.5  3.0
pH^.O
Log Inactivations
0.5  1.0  1.5  2.0  2.5  3.0
pH=8.S
Log Inactivations
0.5 1.0 .5  2.3 3.0
-0.4
".6
t
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
3
7
7
7
3
S
S
8
8
8
9
9
9
9
14
14
15
15
15
16
16
16
17
17
17
18
18
18
21
22
22
23
23
24
24
25
25
26
26
27
27
23
29
29
30
31
31
32
33
33
34
35
35
36
35
36
37
38
38
39
40
41
42
43
43
44
45
42
43
44
45
46
47
48
49
SO
51
52
53
54
28  37  46  55
8 17 25 33 42 50
9 17 26 34 43 31
9 18 27 35 44 53
9 18 27 36 45 54
9 18 28 37 46 55
10 19 29 38 48 57
10 19 29 39 48 58
10 20 30 40 50 60
10 20 31 41 51 61
10 21 31 41 52 62
11 21 32 42 53 63
11 22 33 43 54 65
11 22 33 44 55 66
11 22 34 45 56 67
10 20 23 2? ;; 59
iw CJ J • * 1 >. 4!
11 21 12 -2 53 43
11 22 23 i3 5/ /'11 22 3i -5 54
12 23 25 46 53 4V
12 23 25 47 53 70
12 24 34 43 40 72
12 25 3;» 47 42 i  «•
13 25 23 50 43 75
13 24 29 51 64 77
13 25 Jy 52 45 '3
13 27 iO 53 47 30
14 27 ii 54 43 31
pM>9.0
Log tnactivationiCHLORINE
CONCENTRATION ....................................
(mg/L)  O.S  1.0  l.S  2.0  2.5  3.0
«0.4 23 35 58 70
0.6 24 37 61 73
0.8 25 38 63 75
1 26 39 65 78
1.2 27 40 67 80
1.4 27 41 68 82
1.6 28 42 70 84
1.8 29 43 72 86
2 29 44 73 38
2.2 30 45 75 90
2.4 31 46 77 92
2.6 y. 47 78 94
2.8 32 48 64 80 96
3 32 49 65 81 97 Mote:    CTqq p= CT for .1-loq  inactlvation
TABLE E-7
CT VALUES FOR
INACTIVATION OF VIRUSES BY FREE CHLORINE  '
Log Inactivation
.'.-' ͣ .
2 .0 3 ,0 4 .0
pH pH oH
Temperature (C) 6-9^^^ 10 i;-9^^' 10 6-9^^' 10
0.5 6 45 9 56 12 90
5 4 30 6 44 8 60
10 3 22 4 33 6 45
15 2 15 3 22 4 - 30
20 1 11 2 16 3 22
25 1 7 1 11 2 15
Notes;
1. Data adapted from Sobsey (1988) for inactivation of Hepatitus A
Virus (HAV) at pH = 6, 7, 8, 9, and 10 and temperature = 5 C.  CTvalues include a safety factor of 3.
2. CT values adjusted to other temperatures by doubling CT for each10 C drop in temperature.
TABLE E-8
CT VALUES FOR
INACTIVATION OF GIARDIA CYSTS
BY CHLORINE DIOXIDE dH 6-9
Temnerature (C)
Inactivation 0,5 5 10 15 20 25
0.5 log 10 7 5 3.3 3 1.7
1 log 20 13 10 5 5 3.3
1.5 log 30 20 15 10 7.5 5.0
2 log 40 27 20 13 10 6.7
2.5 log   , ͣ 50 33 25 17 13 8.3
3 log 60 40 30 20 15 10
r
c
Notes:
TABLE E-9
CT VALUES FOR
INACTIVATION OF VIRUSES
BY CHLORINE DIOXIDE pH 6-9  '
Source:  Sobsey 1988
Temoerature (C)
Removal 0.5 5_ 10 15 20 25
2 log 8.4 5.6 4.2 2.8 2.1 1.4
3 log 25.6 17.1 12.8 8.6 6.4 4.3
4 log 50.3 33.5 25.1 16.8 12.6 8.4
1. Data adapted from Sobsey (1988) for inactivation of Hepatitus A Virus
(KAV) at pH = 6.0 and temperature = 5 C.  CT values include a safety
factor of 3.
2. CT values adjusted to other temperatures by doubling CT for each 10 C
drop in temperature.
TABLE E-10
CT VALUES FOR
INACTIVATION OF GIAPXlIA CYSTS
BY OZONE dH 6-9
r
Temperature (c)
Inactivation 0.5 5 10 15 20 25
0.5 log 0.48 .   0.32 0.23 0.16 0.12 O.OS
1 log  . 0.97 0.63 0.48 0,32 - 0.24 0.16
1.5 log 1.5 0.95 0.72 0.48 0.36 0.24
2 log 1.9 1.3 0.95 0.63 0.48 0.32
2.5 log 2.4 1.6 1.2 0.79 - 0.60 0.40
3 log 2.9 1.9 1.4 0.95 o.:'2 0.48
c
TABLE E-13
CT VALUES FOR
INACTIVATION OF VIRUSES BY CHLORAMINE^ ' '^
Temperature (C)
Inactivation  0.5
2 log      1,243
3 log      2,063
4 log      2,883
5 10 15 20 25
857 643 428 321 214
1,423 1,067 712 534 356
1,988 1,491 994 746 497
Notes:
1. Data from Sobsev (1988) for inactivation of Hepatitus A Virus (HAV)
for pH = 8.0 and temperature = 5 C, and assumed to apply for pHs in
the range of 6.0 to 10.0.
2. CT values adjusted to other temperatures by doubling CT for eachH ^^ 10 C drop in temperature.
3.   This table of CT values applies for systems using combined chlorine
where chlorine is added prior to ammonia in the treatment sequence.
CT values in this table should not be used for estimating the
adequacy of disinfection in systems applying preformed chloramines
or ammonia ahead of chlorine.
CI
TABLE   E-14
CT VALUES  FOR
INACTIVATION OF  VIRUSES  BY  UV   ^ ͣ' ͣ'^' ͣ^'
_________Log  mactivation_______
2.0 3.0
21 36
Notes:
1. Data adapted from Sobsey (1988) for UV inactivation of Hepatitus A
Virus (HAV). Units of CT values are mW-sec/cm. CT values include
a saftey factor of 3.
2. For UV inactivation, CT values are independent of temperature.
Dependencies of pH on UV inactivation are related to changes to
the viruses and not the UV intensity.
3. CT values based on UV inactivation of Coxsackie B-5 (Scfasey 1988)
and UV inactivation of Poliovirus type 1 and Simian Rotavirus Chang
et al. (1985) are lower from those indicated in this Table.
c
I.
Appendix II
Protocol for Conducting Tracer Tests at the Patuxent
Filtration Plant
Protocol for Conducting Tracer Tests
at the Patuxent Filtration Plant
I.  Step-Input Test through clearwells (duration of test = 24 hours)
Note: make sure that flow leaving the plant and water level in
the reservoirs stays constant for the duration of the test.
F.qu i pmf»nt Nfiedfid:
1. 40 clean plastic bottles with caps.  These must hold at least 20ml; larger bottles are acceptable.
2. Grease pencil or water resistant marker.
3. Seven 100-ml volumetric flasks.
4. Two clean pipets that are the same size, with bulbs or pumps.
These can be anywhere between 10-ml and 25-ml.
5. Magnetic mixer and stir bar.
6. Two 50-ml or 75-ml beakers.
7. Millivolt meter or pH meter with millivolt reading capability.
8. Fluoride Ion selective electrode.
9. Reference electrode.
10. Fluoride standard solution (available from Fisher Scientific,
catalogue #13-620-824) or source of reagent grade fluoride such assodium fluoride.
11. At least one liter of TISAB (Total Ionic Strength Adjuster
Buffer, available from Fisher Scientific in concentrated form,
catalogue #13-641-874.  This concentrate should be diluted 1:10
before use.)
12. Source of distilled water.
13. Four-cycle semilogrithmic graph paper.
Instructions:
1.  Make standard solutions of fluoride.
a) If using dry fluoride source, such as sodium fluoride, make up a0.1 Molar solution first.  For example, if using NaF, add 4.199 gramsto 1 liter.
b) In 100 ml volumetric flasks, dilute the 0.1 molar stock to make
the following solutions: 10~2, 10~3, 10"'*, 10~5, and 10"^ molar.
1
This can be done by taking 10 ml of the 0.1 molar stock and diluting
it to 100 ml to make a 10~2 solution, 10 ml of the 10~2 solution and
diluting it to 100 ml to make the 10"^ solution, and so on.
It is advisable to make a few more dilutions in the range between
10~5 and 10~6, because the plot will not be linear in this region.
To make 2 x 10"^, take 20 ml of the 10"^ solution and dilute it to
100 ml.  Make 5 x 10"5 by diluting 50 ml of 10"^ solution to 100 ml,
and so on.  Two or three points in this range should define the curve
fairly well.
2. Make a standard curve.
a) Starting with the least concentrated standard, 10"^ M, pipet
equal amounts of standard and TISAB into beaker.
b) Place beaker on mixer and lower both electrodes into solution.
Make sure that both electrodes are submerged.
c) After three minutes, record mV reading.
d) Discard standard/TISAB mixture, rinse beaker and pipet with
distilled water.  Use the same pipet for the TISAB each time.
e) Repeat a) through c) with successively more concentrated
standards.
f) Plot results on semilogrithmic graph paper.  Plot molar
concentration on the log scale and mV reading on the arithmetic
scale.  The data should plot as a straight line between 10"^ and
10~5^ with a slope of 59 mV/log fluoride concentration.  If it is
not, make up new standards and plot again.  Between 10"^ and 10"^ the
curve should be slightly convex, as shown in the attached example
(Example 1).  This curve is used to translate mV readings into molar
concentrations.
3. Collect samples for initial and background fluoride
concentrations.
a) Collect a sample of the raw water for measurement of background
fluoride concentration, Ct,.
b) Collect a sample of the finished water leaving the plant (in both
PGl and PG2 lines) for measurement of initial fluoride concentration
measurement, Cq.
4. Begin the test and collect samples.
a)  Turn off the fluoride feed to the effluent blenders.  Be sure to
turn off both the fluoride feed and the pump for the makeup water.Record the time.  This is the start of the test, time zero.
b)  Collect samples in plastic containers directly from the vaults
adjacent to the PGl and PG2 lines, not from the sample taps in the
lab.  Collect samples at the following times from the start of the
test: 1/2, 1, 1-1/2, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 20, and
24 hours.  Make sure sample bottles are labeled properly.
5. Analyze samples.
a)  Treat the samples in the same manner as the standard solutions in
step 2, pipetting equal amounts of sample and TISAB into the beaker
each time. Use a sample volume between 10 ml and 25 ml.  (Smaller
sample volumes mean using less TISAB.)  Each sample can be analyzed
immediately after it has been collected, or the entire batch of
samples can be analyzed after the test has been completed.  Do not
allow the samples to change in temperature substantially.  Analyze
the samples of raw water and finished water at this time.
6. Analyze data.
a) Using the standard curve generated in step 2, convert each mV
reading to a molar concentration (For comparison purposes, you can
convert molar concentration to mg/1 by multiply by 19,000.)  In the
region between 10~2 and 10~^, a straight line relationship can be
assumed.  Below 10"^, determine concentrations directly from the
standard curve.
b) For each concentration, subtract the background concentration,
C]-), of fluoride in the raw water.  These values are the "actual"
fluoride concentrations listed in the table in the attached example
(Example 2).
c) Divide each "actual" concentration by Cq^ the initial fluoride
concentration in the finished water before the start of the test.
d) Plot time (hours) on the x-axis and C/Cq on the y-axis.  Draw a
smooth curve between the points.  Make separate plots for each of thetwo lines, PGl and PG2.
e) Draw a horizontal line from C/Cq = 0.9 to each of the curves,
then down to the x-axis.  These are the T^q values for each of the
finished water clearwells.
An example illustrating these procedures is attached.  If desired,
this test can be verified by conducting it in reverse, that is, byturning the fluoride feed back on and monitoring the fluoride
concentration.  The procedure is exactly the same as above, except
that for analysis of the data, a line must be drawn to C/Cq =0.1instead of 0.9.
Example 1: Development of Standard Curve
cone. (1 mV
0,000001 349
0.00001 315
0.0001 257
0.001 198
0.01 139
equation for linear portion of curve
(mV < 315): y = 2.351^10*(-0.017*^mV)
for mV > 315,, use graph to determine cone.
Example 2: Step Input Test
raw water; mV=344, concentration=2.0E-06
Initial: mV=276, concentration= 3.8E-05
measured    actual
Time mV cone cone C/Co
0 276 3,8E-05 3.6E-05 1.00
1 278 3.5E-05 3.3E-05 0.92
2 284 2.7E-05 2.54E-05 0.70
3 289 2.2E-05 2.03E-05 0.56
4 295 1.7E-05 1.54E-05 0.43
5 298 1.5E-05 1.34E-05 0.37
6 300 1.4E-05 1.22E-05 0.34
7 304 1.2E-05 l.OlE-05 0.28
8 308 lE-05 8.23E-06 0.23
10 322 7.9E-06 5.9E-06 0.16
12 328 5.9E-05 3.9E-06 0.11
14 330 5.2E-06 3.2E-06 0.09
18 340 2.8E-06 8E-07 0.02
22 343 2.2E-06 2E-07 0.01
24 344 2E-06 0 0,00
Figure I: Typical Fluoride Standard Curve
\
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Figure 2: Example Step-Input Test
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II.  Pulse-Input Test through one filter unit
(duration of test = 3 hours)
Note: make sure that flow through filters stays constant for
the duration of the test, and that filters are clean (they
have been backwashed recently.)
Eqpi 1 pmf?nt Needed:
1. 33 clean plastic bottles with caps.  These must hold at least 20
ml; larger bottles are acceptable.
2. Grease pencil or water resistant marker.
3. Reagent-grade sodium chloride, 7.125 kilograms.
4. Distilled water.
5. Stop watch or watch with second hand.
INSTRUCTIONS:
1. Dissolve 7.125 kilograms (15.7 pounds) of reagent-grade sodium
chloride in 22.71 liters (6 gallons) of distilled water.
2. Label plastic bottles with the following times (in minutes): 0,
5, 10, 15, 18, 21, 24, 26, 28, 30, 32, 34, 36, 38, 40, 42, 44, 46,
48, 50, 53, 56, 59, 62, 65, 70, 75, 80, 90, 100, 120, 140, 180.
3. Line up sample bottles in the gallery under the filter unit to be
tested.
4. Shortly before the start of the test, collect the sample for time
zero (this sample is collected to determine the background sodium
concentration).
5. All at once, dump the sodium chloride solution into the
sedimentation basin effluent, as close as possible to the point of
chlorine injection.  Record the time.  This is the start of the test,time zero.
6. Collect samples from the effluent of the filter unit at the times
written on the bottles.
7. After all samples are collected, deliver to lab for analysis.
8. Note and record flow through the filter unit tested during thetest.
9. Analyze laboratory data.
a)  Subtract the background (raw water) concentration, C^, from each
of the measured values.  Cb is the sodium concentration for the time
zero sample.
b) Prepare a graph of concentration vs. time, as shown in the
attached example.
c) Prepare a table with the following columns: (see attached
example): time. At, measured concentration, actual concentration,
average concentration, grams of sodium recovered, and cumulative
recovery.
The "At" is the amount of time between consecutive samples.
The "measured concentration" is the sodium concentration, in mg/1,
from the lab's analysis.
The "actual concentration" is the measured concentration - the
background or raw water concentration (from the time zero sample).
The "average concentration" is the average of each two consecutive
sodium concentrations.
The "grams of sodium recovered" for each increment of time is the
average concentration (in mg/1) x At (in minutes) x flow (in liters
per minute) x 1000 (to convert mg to grams).  The flow must be
converted from MGD to liters/minute.  In order to do this, multiply
MGD by 2,628.5 to get liters/minute.  Be sure to use the flow through
just the individual filter unit being tested, not the total flow.
The "cumulative recovery" is the fraction of the total added that has
been recovered up to a particular time.  This should be calculated by
summing all of the values for "grams recovered" above each time
increment, and dividing this total by the number of grams of sodium
added (2803).  The numbers in this cumulative recovery column should
go from zero to the total percent recovered, as shown in the attached
example.
d) Perform a mass balance.  Add up the incremental grams of sodium
recovered (column 6).  Since 7,125 gm of sodium was added as NaCl,
this must be converted to grams as Na"*".  This corresponds to 2,803 gm
of Na+.  The percent recovery is the (total grams recovered) / (total
amount added, which is 2803) x 100.  A good test should recover at
least 90% of the sodium added.
e) Make a cumulative-fraction-recovered graph.  Plot time on the x-
axis and cumulative recovery on the y-axis, and draw a smooth line
connecting the points.
f) Draw a horizontal line from 10% recovered to the curve, then draw
a vertical line down to the x-axis.  This is the T^g value for this
filter unit.
g) Review the flow chart for the filter unit being tested to makesure than the flow was constant throughout the test.
Example 3: Pulse-Input Test Throuth Filter Unit
grams of
time measured actual average sodium cumulative
minutes At concentration concentration concentration recovered recovery
0 5.30 0.00
5 5 5 30 0 00 0 00 000 0.00
10 5 5.40 0.10 0.05 9.00 0.00
15 5 6,10 0.80 0,45 81,02 0.03
18 3 6.50 1.20 1.00 108,03 0.07
21 3 6,70 1,40 1.30 140.44 0,12
24 3 6.70 1,40 1.40 151.24 0,17
26 2 7,00 1,70 1.55 111.63 0.21
28 4L. 7.00 1,70 1.70 122.43 0.26
30 2 700 1 70 1 70 122 43 0,30
32 2 6.80 1.50 1.60 115.23 0,34
34 2 6,80 1,50 1,50 108.03 0.38
36 2 6.60 1.30 1.40 100.83 0.42
38 2 6.60 1,30 1.30 93.63 0.45
40 2 6,80 1,50 1.40 100.83 0.49
42 2 6,40 1,10 1.30 93.63 0.52
44 2 6.50 1.20 1.15 82.82 0.55
46 2 6 40 1,10 1 15 8282 058
48 i. 6.40 1,10 1.10 79,22 0.61
50 2 6.50 1,20 1.15 82,82 0.64
53 3 6.20 0,90 1.05 113,43 0.68
56 3 6.20 0,90 0,90 97,23 0.71
59 3 6.00 0.70 0,80 86,42 0,74
62 3 6.00 0.70 0.70 75,62 0.77
65 3 5.90 0.60 0,65 70.22 0.80
70 5 5 70 0 40 0 50 90 03 0 83
75 5 5,70 0.40 0,40 72.02 0.85
80 5 5.50 0,20 0,30 54.02 0.87
90 10 5,40 0,10 0.15 54.02 0.89
100 10 5.40 0.10 0,10 36.01 0.90
120 20 5.30 0.00 0.05 36.01 0.92
140 20 5.30 0,00 0.00 0.00 0.92
180 40 5.30 0.00
total recovered:
total adflftd:
percent recoverv:
0.00 0.00
2571
2803
92
0.92
Figure 3: Example Pulse-Input Test
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Figure 4: Example Pulse-Input Test Cumulative Recovery
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Appendix III
Tables of calculations from all tracer tests
#
Step-Input Test for Reservoirs, Polorrac Plant, 8/22 and 8/23
T»}t»l.!50MW;,rwrYOirfull
(k-0.162)
measured (t1+12)/2 chlorine
reverse Fcurve smoothed E curve plotting meant decay Effective CT variance
time, hour:i   At Fcurve (1-F) Fcurve aF/aI points (ItEAt) (Coexp-H)  (lEAtCoexp-kt) (t*2EAt)
0.00 1.000 0.000 0.000 0.00 4.10
0.25 0.25 1.000 0.000 0.000 0.000 0.13 0.000 4.02 0.000 0.000
0.50 0.25 0.956 0.044 0.044 0.176 0.38 0.017 3.86 0.064 0.006
0.75 0.25 0.833 0.167 0.167 0.490 0.63 0.077 3.71 0.284 0.048
1.00 0.25 0.724 0.276 0.276 0.436 0.88 0.095 3.56 0.339 0.083
1.25 0.25 0.569 0.431 0.405 0.518 1.13 0.146 3.42 0.498 0.164
t.50 0.25 0.464 0.536 0.536 0.524 1.38 0.180 3.28 0.591 0.248
1.75 0.25 0.374 0.626 0.650 0.456 1.63 0.185 3.15 0.584 0.301
2.00 0.25 0.263 0.737 0.735 0.340 1.88 0.159 3.03 0.482 0.299
2.25 0.25 0.189 0.811 0.811 0.306 2.13 0.162 2.91 0.472 0.345 .
2.50 0.25 0.138 0.862 0.862 0.201 2.38 0.119 2.79 0.333 0.283
2.75 0.25 0.095 0.905 0.905 0.172 2.63 0.113 2.68 0.302 0.296
3.00 0.25 0.086 0.914 0.925 0.082 2.88 0.059 2.57 0.151 0.169
3.25 0.25 0.050 0.950 0.950 0.099 3.13 0.077 2.47 0.191 0.242
3.50 0.25 0.042 0.958 0.965 0.061 3.38 0.051 2.37 0.122 0.173
3.75 0.25 0.027 0.973 0.980 0.060 3.63 0.054 2.28 0.124 0.197
4.00 0.25 0.013 0.987 0.985 0.020 3.88 0.019 2.19 0.042 0.075
4.50 0.50 0.000 1.000 1.000 0.030 4.25 0.064 2.06 0.131 0.271
5.00 0.50 0.000 1.000 1.000 0.000 4.75 0.000
1.578
1.90 0.000
283
0.000
0.710
N«3.5
Test»2.75hGD •eservoir full (k=0.162)
(tt+t2)/2 chlorine
measured smoothed E curve plotting meant decay Effectived variance 1st term Fcurve Ecurve
time, hours1     At Fcurve F curve AF/At points (ZtEAt) (Coexp-kt) (tEAtCoexp-kt) (t*2EAt) 9CSTRs
1.00
9CSTR$
0.00
9CSTRS
0.00 0.017 0.000 0.000 0.00 4.10 0.00
0.50 0.50 0.011 0.000 0.000 0.25 0.000 3.94 0.000 0.00 4.74 0.00 0.00
1.00 0.50 0.000 0.000 0.000 0.75 0.000 3.63 0.000 0.00 22.41 0.00 0.03
1.33 0.33 0.017 0.017 0.050 1.17 0.019 3.39 0.066 0.02 61.29 0.03 0.11
1.67 0.34 0.106 0.106 0.264 1.50 0.135 3.22 0.433 0.20 166.53 0.08 0.23
2.00 0.33 0.220 0.221 0.346 1.84 0.209 3.05 0.638 0.38 417.09 0.18 0.34
2.33 0.33 0.313 0.325 0.317 2.17 0.226 2.89 0.653 0.49 984.79 0.30 0.42
2.67 0.34 0.431 0.431 0.311 2.50 0.264 2.73 0.722 0.66 2240.93 0.45 0.43
300 0.33 0.551 0.540 0.332 2.84 0.310 2.59 • 0.803 0.88 4696.12 0.59 0.39
3.33 0.33 0.800 0.660 0.364 3.17 0.380 2.46 0.933 1.20 9336.26 0.71 0.32
3.67 0.34 0.800 0.800 0.412 3.50 0.490 2.33 1.140 1.72 18032.65 0.80 0.24
4.00 0.33 0.876 0.876 0.229 3.84 0.290 2.20 0.639 1.11 32717.88 0.87 0.17
433 0.33 0.915 0.916 0.121 4.17 0.166 2.09 0.347 0.69 57151.15 0.92 0.12
4.67 0.34 0.957 0.957 0.122 4.50 0.186 1.98 0.368 0.84 97996.27 0.95 0.07
5.00 0.33 0.957 0.980 0.070 4.84 0.112 1.87 0.209 0.54 160374.55 0.97 005
5.50 0.50 1.000 1.000 0.040 5.25 0.105
2.893
1.75 0.184
428
0.55
0.921
ͨI=»?.l
321459.84 0.99 0.02
Te»t *3.150 MGO. re«rvoir ti»1f-full
(k*0.162)
ͣneesured (tUt2)/2 chlorine
reverse Fcurve smoothed Ecurve plotting meant decay Effectived variance
Hm».hr At Fcurve (1-F) F curve AF/At points (StEAt) (Coeyp-kt) (IEAtCoexp-kt) (f2EAt)
0.00 1.000 0.000 0.000 0.000 0.00 4.10
0.17 0.17 1.000 0.000 0.000 0.000 0.08 0.000 4.05 0.000 0.000
0.33 0.17 1.000 0.000 0.040 0.240 0.25 0.010 3.94 0.039 0.003
0.50 0.17 0.685 0.315 0.295 1.530 0.42 0.106 3.83 0.407 0.044
0.58 0.08 0.685 0.315 0.380 1.020 0.54 0.046 3.76 0.173 0.025
0.67 0.08 0.560 0.440 0.449 0.828 0.63 0.043 3.71 0.160 0.027
0.75 0.08 0.478 0.522 0.522 0.872 0.71 0.051 3.66 0.188 0.036
0.83 0.08 0.383 0.617 0.605 1.000 0.79 0.066 3.61 0.238 0.052
0.92 0.08 0.341 0.659 0.659 0.648 0.87 0.047 3.56 0.168 0.041
1.00 0.08 0.321 0.679 0.701 0.504 0.96 0.040 3.51 0.141 0.039
t.08 0.08 0.248 0.752 0.752 0.607 1.04 0.053 3.46 0.183 0.055
1.17 0.08 0.216 0.784 0.784 0.388 1.13 0.036 3.42 0.124 0.041
1.33 0.17 0.133 0.867 0.850 0.397 1.25 0.083 3.35 0.277 0.103
1.50 0.17 0.109 0.891 0.895 0.270 1.42 0.064 3.26 0.208 0.090
1.67 0.17 0.058 0.942 0.942 0.284 1.58 0.075 3.17 0.238 0.119
1.83 0.17 0.039 0.961 0.961 0.109 1.75 0.032 3.09 0.098 0.055
2.00 0.17 0.031 0.969 0.970 0.057 1.92 0.018 3.01 0.055 0.035
2.33 0.33 0.048 0.952 0.985 0.045 2.17 0.032 2.89 0.094 0.070
2.67 0.33 0.015 0.985 0.995 0.030 2.50 0.025 2.73 0.068 0.063
3.00 0.33 0.000 1.000 1.000 0.015 2.83 0.014
0.842
2.59 0.037
174
0.040
0.229
N»3.1
TmIM^SMGD. -eservoir half-full (l:-0.162)
(tUt2)/2 chlorine
measured smoothed Ecurve plotting meant decay Effectived variance
time, hours   At F curve F curve AF/At points (ItEAt) (Coexp-kl) <1EAtCoexp-kt) (f2EAt)
0.00 0.000 0.000 0.000 0.00 4.10
025 0.25 0.053 0.005 0.020 0.13 0.001 4.02 0.003 0.000
0.50 0.25 0.016 0.016 0.045 0.38 0.004 3.86 0.016 0.002
0.75 0.25 0.074 0.074 0.229 0.63 0.036 3.71 0.133 0.022
1.00 0.25 0.272 0.272 0.795 0.88 0.174 3.56 0.619 0.152
1.25 0.25 0.420 0.420 0.592 1.13 0.166 3.42 0.569 0.187
1.50 0.25 0.553 0.545 0.499 1.38 0.171 3.28 0.563 0.236
1.75 0.25 0.614 0.614 0.276 1.63 0.112 3.15 0.354 0.182
2.00 0.25 0.680 0.680 0.263 1.88 0.123 3.03 0.373 0.231
2.25 0.25 0.751 0.750 0.281 2.13 0.149 2.91 0.433 0.317
2.50 0.25 0.910 0.810 0.240 2.38 ' 0.143 2.79 0.398 0.338
2.75 0.25 0.954 0.860 0.200 2.63 0.131 2.68 0.352 0.345
3.00 0.25 0.910 0.910 0.200 2.88 0.144 2.57 0.370 0.413
3.25 0.25 0.954 0.950 0.160 3.13 0.125 2.47 0.309 0.391
3.50 0.25 1.000 0.969 0.076 3.38 0.064 2.37 0.152 0.216
3.75 0.25 1.000 0.985 0.064 3.63 0.058 2.28 0.132 0.210
4.00 0.25 1.000 1.000 0.060 3.88 0.058 2.19 0.127 0.225
4.50 0.50 1.000 1.000 0.000 4.25 0.000
1.660
2.06 0.000
294
0.000
0.713
N"3.9
Fiful ECurvM for Patuxent tests. Msu 17& 18.1989
PGIMJ1JJ7. 1989 (lc«0.0624)
chlorine
time (I-F) plotting smoothed Ecurve meant detay.C effectived
hours At reverse F F curve points F curve AF/At (t»E»At) Coexpt-M) E»it»C't variance
0 1.00 0.00 0 0.00 0.000 0.000 2.00
i 0.81 0.1? 0.5 0.19 0.194 0.097 1.94 0.188 0.049
> 0.65 0.35 1.5 0.35 0.1S8 0.238 1.82 0.433 0.356
3 0.52 0.48 2.5 0.49 0.137 0.343 1.71 0.587 0.858
4 0.39 0.61 3.5 0.58 0.090 0.315 1.61 0.506 1.103
5 0.33 0.67 4.5 0.65 0.070 0.315 1.51 0.476 1.418
5 0.31 0.69 5.5 0.71 0.060 0.330 1.42 0.468 1.815
7 0.27 0.73 6.5 0.76 0.045 0.293 1.33 0.390 1.901
8 0.26 0.74 7.5 0.80 0.045 0.338 1.25 0.423 2.531
10 2 0.12 0.88 9 0.86 0.028 0.495 1.14 0.565 4.455
12 2 0.08 0.92 11 0.91 0.025 0.550 1.01 0.554 6.050
14 2 0.18 0.82 13 0.94 0.018 0.455 0.89 0.404 5.915
18 4 0.00 1.00 16 0.99 0.013 0.800 0.74 0.590 12.800
22 4 0.00 1.00 20 1.00 0.003
meent"
0.200
4.77
0.57
mg/l-hour
mg/l-min
(k-0.0624)
0.115
5.70
342
4.000
20.52
N-I.ltanb
PGZ.Mayl? ,1989 chlorine
time (1-F> plotting suiuuthed Ecurve meant decay, C effective CT
hours it reverse F Fcurve points Fcurve AF/At (t«E»At) Coexp(-l:t) E»At«C»t variance
0 1.00 0.00 0 0.00 0.000. 0.000 2.00
1 0.92 0.08 0.5 0.08 0.083 0.042 1.94 0080 0021
2 0.70 0.30 1.5 0.30 0.212 0.318 1.82 0.579 0.477
3 0.56 0.44 2.5 0.44 0.141 0.353 1.71 0.603 0.881
4 0.43 0.57 3.5 0.54 0.099 0.347 1.61 0.557 1.213
5 0.37 0.63 4.5 0.63 0.092 0.414 1.51 0.625 1.663
6 0.34 0.66 5.5 0.68 0.053 0.292 1.42 0.414 1.603
7 0.28 0.72 6.5 0.73 0.045 0.293 1.33 0.390 1.901
8 0.23 0.77 7.5 0.77 0.040 0.300 1.25 0.376 2.250
10 2 0.16 0.84 9 0.83 0.030 0.540 1.14 0.616 4.860
12 i- 0.11 0.89 11 0.89 0.033 0.715 1.01 0.720 7.865
M 2 0.09 0.91 13 0.93 0.018 0.455 0.89 0.404 5.915
18 4 0.02 0.98 16 0.98 0.014 0.880 0.74 0.649 14.080
22 4 0.01 0.99 20 1.00 0,005
meant"
0.400
5.35
0.57
mg/l-hour
mg/l-min
0.230
6.24
375
ͣ   8.000
22.34
N-1.28
PGJ.MavJS. 1989 (lc=0.0624)
chlorine
time (C/Co) plotting smoothed Ecurve meant decay.C effectived
hour    a» Fcurve point j Fcurve UF/it) (t*E»At) Coexo(-kt) E*At»C»t varisnce
000 0.00 0.00 0.00 0.000 0.000 2.00
0.25  0.25 0.04 0.13 0.04 0.158 0.005 1.98 0.010 0.001
0.50  0.25 0.14 0.38 0.14 0.421 0.039 1.95 0.077 0015
1.00  0.50 0.25 0.75 0.25 0.214 0.080 1.91 0.153 0.060
1.50  0.50 0.37 1.25 0.34 0.166 0.104 1.85 0.192 0.130
2.00  0.50 0.37 1.75 0.40 0.120 0.105 1.79 0.188 0.184
3.00   1.00 0.51 2.50 0.51 0.116 0.290 1.71 0.496 0.725
4.00   1.00 0.73 3.50 0.60 0.089 0.312 1.61 0.501 1.090
5.00   1.00 0.73 4.50 0.68 0.080 0.360 1.51 0.544 1.620
5.50  0.50 0.73 5.25 0.73 0.090 0.236 1.44 0.341 1.240
6.00 0.50 0.73 S.75 0.77 0.090 0.259 1.40 0.361 1.488
7.00   J.00 0.80 6.50 0.84 0.070 0.455 1.33 0.607 2.958
8.00   1.00 0.91 7.50 0.90 0.062 0.465 1.25 0.582 3.488
10.00 2.00 0.99 9.00 0.97 0.034 0.612 1.14 0.698 5.508
14.00 4.00 0.95  . 12.00 1.00 0.008 0.360 0.95 0.341 4.320
meant' 3.68 mg/l-hour
mg/l-min
5.09
305
9.27
N=1.46
PGZ.MiylO, 1989
(lc-0.0624)
time (C/Co) plotting smoothed E curve meant chlorine effectived
hours   &l  ͣ F curve points Fcurve (aF/aO t*E*dt Coexp(-lct) E*At«C*t variance
0.00 0.00 0.00 0.00 0.000 0.000 2.00
0.50 0.50 0.05 0.25 0.05 0.094 0.012 1.97 0.023 0.003
100 0.50 0.14 0.75 0.18 0.256 0.096 1.91 0.184 0072
1.50 0.50 0.25 1.25 0.25 0.144 0.090 1.85 0.166 0.113
2.00 0.50 0.30 1.75 0.31 0.126 0.110 1.79 0.198 0.193
3.00   t.00 0.45 2.50 0.45 0.144 0.359 1.71 0.615 0.898
4.00   1.00 0.62 3.50 0.56 0.106 0.372 1.61 0.598 t.302
5.00   1.00 0.65 4.50 0.64 0.080 0.360 1.51 0.544 1.620
5.50  0.50 0.68 5.25 0.68 0.074 0.194 1.44 0.280 1.020
6.00  0.50 0.71 5.75 0.71 0.064 0.184 1.40 0.257 1.058
7.00   1.00 0.77 6.50 0.77 0.063 0.408 1.33 0.543 2.649
8.00   1.00 0.88 7.50 0.83 0.053 0.400 1.25 0.501 2.998
10.00 2.00 0.84 9.00 0.90 0.035 0.630 1.14 0.719 5.670
14.00 4.00 1.00 12.00 1.00 0.026 1.260 0.95 1.192 15.120
me»nt» 4.47 mg/1-hour
mg/l-min
5.82
349
12.69
M«1.57
•"atuxent Pulse-Input test *1,May 19,1989
Filter unit 1
measured actual average fluoride
1              Time mV CO IK cone cone &t recovered
1                ^ 333 4.40E-06 2.40E-061                 10 325 6.90E-06 .4.90E-06 3.65E-06 5 0.667
1                 15 341 2.60E-06 6.00E-07 ,-2.75E-06 5 0.502
1                 18 338 3.00E-06 ' 1.00E-06 8.00E-07 3 0.088
1                 21 338 3.00E-06 1.00E-06 l.OOE-06 3 0.110
1                 24 332 4.50E-06 2.50E-06 1.75E-06 3 0.192
1                 27 327 6.00E-06 4.00E-06 3.25E-06 3 0.3561                 30 310 1.26E-05 1.06E-05 7.31E-06 3 0.802
32 322 7.90E-06 5.90E-06 8.26E-06 2 0.604
34 321 8.00E-06 6.00E-06 5.95E-06 2 0.435
36 320 8.10E-06 6.10E-06 6.05E-06 2 0.442
38 318 8.80E-06 6.80E-06 6.45E-06 2 0.471
40 317 9.50E-06 7.50E-06 7.15E-06 2 0.522
42 317 9.50E-06 7.50E-06 7.50E-06 2 0.548
44 317 9.50E-06 7.50E-06 7.50E-06 2 0.548
46 315 l.OOE-05 8.00E-06 7.75E-06 2 0.566
48 315 l.OOE-05 8.00E-06 8.00E-06 2 0.585
^   50^P   53
56
315 l.OOE-05 8.00E-06 8.00E-06 2 0.585
316 9.80E-06 7.80E-06 7.90E-06 3 0.866
313 1.12E-05 9.23E-06 8.51E-06 3 0.933
!                  59 316 9.80E-06 7.80E-06 8.51E-06 3 0.933
1           '      62 315 l.OOE-06 -l.OOE-06 3.40E-06 3 0.373
i                 65 316 9.80E-06 7.80E-06 3.40E-05 3 0.3731              -   70 315 l.OOE-05 8.00E-06 7.90E-06 5 1.443
1                  75 317 9.50E-06 7.50E-06 7.75E-06 5 1.416
1                  80 317 9.50E-06 7.50E-06 7.50E-06 5 1.370
!                  90 319 8.50E-06 6.50E-06 7.00E-06 10 2.558
i                 100 319 8.50E-06 6.50E-06 6.50E-06 10 2.375
120 322 7.90E-06 5.90E-06 6.20E-06 20 4.530
ͣ
nwles recovered: 25.192
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Filter unit 2
actual averagemrasured fluoride
mV cone cone cone it recovered
336 3.80E-06 1.80E-06
341 2.60E-06 6.00E-07 1.20E-06 5 0.238
341 2.60E-06 6.00E-07 6.00E-07 5 0.119
335 4.00E-06 2.00E-06 1.30E-06 3 0.155
327 6.00E-06 4.00E-06 3.00E-06 3 0.357
323 7.50E-06 5.50E-06 4.75E-06 3 0.566
317 9.50E-06 7.50E-06 6.50E-06 1 0.774
310 1.26E-05 1.06E-05 5.31E-06 2 0.422
307 1.42E-05 1.22E-05 1.14E-05 2 0.906
304 1.60E-05 1.40E-05 1.31E-05 2 1.039
304 1.60E-05 1.40E-05 1.40E-05 2 1.109
303 1.66E-05 1.46E-05 1.43E-05 2 1.134
302 1.73E-05 1.53E-05 1.49E-05 2 1.186
301 1.80E-05 1.60E-05 1.56E-05 2 1.240
300 1.87E-05 1.67E-05 1.63E-05 2 1.295
300 1.87E-05 1.67E-05 1.67E-05 2 1.324
300 1.87E-05 1.67E-05 1.67E-05 2 1.324
301 1.80E-05 1.60E-05 1.63E-05 3 1.943
302 1.73E-05 1.53E-05 1.56E-05 3 1.859
302 1.73E-05 1.53E-05 1.53E-05 3 1.818
302 1.73E-05 1.53E-05 1.53E-05 3 1.818
304 1.60E-05 1.40E-05 1.46E-05 3 1.741
305 1.54E-05 1.34E-05 1.37E-05 5 2.712
306 1.48E-05 1.28E-05 1.31E-05 5 2.592
308 1.37E-05 1.17E-05 1.22E-05 5 2.423
309 1.31E-05 1.11E-05 1.14E-05 10 4.522
313 1.12E-05 9.23E-06 1.02E-05 10 4.040
317 9.50E-06 7.50E-06 8.36E-06 20 6.639
45.295
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Filter unit 3
actual averagemeasured fluoride
mV cone cone cone dt recovered
336 3.80E-06 1.80E-06
344 2.00E-06 O.OOE+00 9.00E-07 5 0.089
340 2.80E-06 8.00E-07 4.00E-07 5 0.039
338 3.00E-06 1.00E-06 9.00E-07 3 0.053
342 2.40E-06 4.00E-07 7.00E-07 3 0.041
342 2.40E-06 4.00E-07 4.00E-07 3 0.024
337 3.50E-06 1.50E-06 9.50E-07 3 0.056
333 4.40E-06 2.40E-06 1.95E-06 3 0.115
338 3.00E-06 1.00E-06 1.70E-06 2 0.067
338 3.00E-06 1.00E-06 1.00E-06 2 0.039
332 4.50E-06 2.50E-06 1.75E-06 2 0.069
339 2.90E-06 9.00E-07 1.70E-06 2 0.067
335 4.00E-06 2.00E-06 1.45E-06 2 0.057
336 3.80E-06 1.80E-06 1.90E-06 2 0.075
337 3.50E-06 1.50E-06 1.65E-06 2 0.065
335 4.00E-06 2.00E-06 1.75E-06 2 0.069
336 3.80E-06 1.80E-06 1.90E-06 2 0.075
336 3.80E-06 1.80E-06 1.80E-06 2 0.071
336 3.80E-06 1.80E-06 1.80E-06 3 0.106
333 4.40E-06 2.40E-06 2.10E-06 3 0.124
335 4.00E-06 2.00E-06 2.20E-06 3 0.130
326 6.20E-06 4.20E-06 3.10E-06 3 0.183
337 3.50E-06 1.50E-06 2.85E-06 3 0.169
336 3.80E-06 1.80E-06 1.65E-06 5 0.163
336 3.80E-06 1.80E-06 1.80E-06 5 0.177
336 3.80E-06 1.80E-06 1.80E-06 5 0.177
333 4.40E-06 2.40E-06 2.10E-06 10 0.414
338 3.80E-06 1.80E-06 2.10E-06 10 0.414
337   3.50E-06     1.50E-06     1.65E-06    20       0.651
3.781
total for three filter units: 74.3 moles
percent recovered: 57
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West Werater
actual averagemeasured fluoride
mV cone cone cone dt recovered
342 2.40E-06 4.00E-07
342 2.40E-06 4.00E-07 4.00E-07 5 0.096
343 2.20E-06 2.00E-07 3.00E-07 5 0.072
334 4.10E-06 2.10E-06 1.15E-06 3 0.165
331 5.00E-06 3.00E-06 2.55E-06 3 0.367
324 7.00E-06 5.00E-06 4.00E-06 3 0.576
316 9.80E-06 7.80E-06 6.40E-06 3 0.921
315 1.00E-05 8.00E-06 7.90E-06 3 1.137
314 1.08E-05 8.80E-06 8.40E-06 2 0.806
313 1.12E-05 9.23E-06 9.01E-06 2 0.865
310 1.26E-05 1.06E-05 9.93E-06 2 0.952
311 1.21E-05 1.01E-05 1.04E-05 2 0.996
309 1.31E-05 1.11E-05 1.06E-05 2 1.020
309 1.31E-05 1.11E-05 1.11E-05 2 1.068
307 1.42E-05 1.22E-05 1.17E-05 2 1.119
308 1.37E-05 1.17E-05 1.19E-05 2 1.144
307 1.42E-05 1.22E-05 1.19E-05 2 1.144
308 1.37E-05 1.17E-05 1.19E-05 2 1.144
307 1.42E-05 1.22E-05 1.19E-05 3 1.717
308 1.37E-05 1.17E-05 1.19E-05 3 1.717
307 1.42E-05 1.22E-05 1.19E-05 3 1.717
309 1.31E-05 1.11E-05 1.17E-05 3 1.679
309 1.31E-05 1.11E-05 1.11E-05 3 1.602
309 1.31E-05 1.11E-05 1.11E-05 5 2.670
311 1.21E-05 1.01E-05 1.06E-05 5 2.551
312 1.17E-05 9.68E-06 9.91E-06 5 2.377
314 1.08E-05 8.80E-06 9.24E-06 10 4.431
316   9.80E-06    7.80E-06   8.30E-06   10      3.981
320    8.10E-06    6.10E-06   6.95E-06  20      6.668
44.701
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East blender
actual average fluoride
mY cone cone cone dt recovered
339 2.90E-06 9.00E-07
344 2.00E-06 O.OOE+00 4.50E-07 5 0.108
340 2.80E-06 8.00E-07 4.00E-07 5 0.096
336 3.80E-06 1.80E-06 1.30E-06 3 0.187
354 4.10E-06 2.10E-06 1.95E-06 3 0.281
327 6.00E-06 4.00E-06 3.05E-06 3 0.439
324 7.00E-06 5.00E-06 4.50E-06 3 0.648
323 7.50E-06 5.50E-06 5.25E-06 3 0.756
323 7.50E-06 5.50E-06 5.50E-06 2 0.528
320 8.10E-06 6.10E-06 5.80E-06 2 0.556
316 9.80E-06 7.80E-06 6.95E-06 2 0.667
318 8.80E-06 6.80E-06 7.30E-06 2 0.700
317 9.50E-06 7.50E-06 7.15E-06 2 0.686
317 9.50E-06 7.50E-06 7.50E-06 2 0.720
318 8.80E-06 6.80E-06 7.15E-06 2 0.686
312 1.17E-05 9.68E-06 8.24E-06 2 0.790
316 9.80E-06 7.80E-06 8.74E-06 2 0.838
315 1.00E-05 8.00E-06 7.90E-06 2 0.758
317 9.50E-06 7.50E-06 7.75E-06 3 1.115
315 1.00E-05 8.00E-06 7.75E-06 3 1.115
317 9.50E-06 7.50E-06 7.75E-06 3 1.115
316 9.80E-06 7.80E-06 7.65E-06 3 1.101
317 9.50E-06 7.50E-06 7.65E-06 3 1.101
319 8.50E-06 6.50E-06 7.00E-06 5 1.679
320 8.10E-06 6.10E-06 6.30E-06 5 1.511
320 8.10E-06 6.10E-06 6.10E-06 5 1.463
319 8.50E-06 6.50E-06 6.30E-06 10 3.022
323 7.50E-06 5.50E-06 6.00E-06 10 2.878
326 6.20E-06 4.20E-06 4.85E-06 20 4.653
50.1 Q-}
total for tvo blenders: 74.9 moles
percent recovered: 57
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Tracer Test Results, Patuxent Filtration Plant, August 24, 1989      (Te-_T=^t)
time measured actual average moles cumulative
minutes it mV cone cone conc(C) recovered recovery
0 327 6.40E-06 O.OOE+00
5 5 325 7.00E-06 6.00E-07 3.00E-07 0.057 0.000
10 5 327 6.40E-06 O.OOE+00 3.00E-07 0.057 0.001
15 5 327 6.40E-06 O.OOE+00 O.OOE+00 0.000 0.001
18 3 327 6.40E-06 O.OOE+00 O.OOE+00 0.000 0.001
21 3 327 6.40E-06 O.OOE+00 O.OOE+00 0.000 0.001
24 3 325 7.00E-06 6.00E-07 3.00E-07 0.034 0.001
27 3 324 7.50E-06 1.10E-06 8.50E-07 0.097 0.002
30 3 322 8.00E-06 1.60E-06 1.35E-06 0.154 0.003
32 2 322 8.00E-06 1.60E-06 1.60E-06 0.122 0.005
34 2 320 8.70E-06 2.30E-06 1.95E-06 0.149 0.006
36 2 318 9.60E-06 3.20E-06 2.75E-06 0.210 0.008
38 2 315 1.09E-05 4.51 E-06 3.86E-06 0.294 0.010
40 2 315 1.09E-05 4.5 IE-06 4.51E-06 0.344 0.013
42 2 313 1.18E-05 5.39E-06 4.95E-06 0.377 0.016
44 2 312 1.23E-05 5.86E-06 5.63E-06 0.429 0.020
46 2 311 1.27E-05 6.35E-06 6.10E-06 0.465 0.024
48 2 310 1.33E-05 6.85E-06 6.60E-06 0.503 0.028
50 2 309 1.38E-05 7.38E-06 7.12E-06 0.542 0.033
53 3 308 1.43E-05 7.93E-06 7.65E-06 0.875 0.041
56 3 307 1.49E-05 8.49E-06 8.21E-06 0.939 0.049
59 3 306 1.55E-05 9.09E-06 8.79E-06 1.005 0.057
62 3 305 1.61E-05 9.70E-06 9.39E-06 1.074 0.067
65 3 304 1.67E-05 1.03E-05 1.00E-05 1.146 0.076
70 5 304 1.67E-05 1.03E-05 1.03E-05 1.970 0.093
75 5 304 1.67E-05 1.03E-05 1.03E-05 1.970 0110
80 5 303 1.74E-05 1.10E-05 1.07E-05 2.034 0.128
85 5 303 1.74E-05 1.10E-05 1.10E-05 2.097 0.146
90 5 304 1.67E-05 1.03E-05 1.07E-05 2.034 0.164
100 10 304 1.67E-05 1.03E-05 1.03E-05 3.941 0.198
110 10 304 1.67E-05 1.03E-05 1.03E-05 3.941 0.232
120 10 306 1.55E-05 9.09E-06 9.71E-06 3.702 0.263
140 20 308 1.43E-05 7.93E-06 8.51 E-06 6.484 0.319
160 20 311 1.27E-05 6.35E-06 7.14E-06 5.440 0.366
180 20 312 1.23E-05 5.86E-06 6.10E-06 4.653 0.406
200 20 314 1.13E-05 4.94E-06 5.40E-06 4.118 0.442
220 20 316 1.05E-05 4.09E-06 4.52E-06 3.444 0.472
240 20 317 1.01E-05 3.69E-06 3.89E-06 2.968 0.497
260 20 319 9.30E-06 2.90E-06 3.30E-06 2.513 0.519
280 20 318 9.60E-06 3.20E-06 3.05E-06 2.325 0.539
300 20 321 8.20E-06 1.80E-06 2.50E-06 1.906 0.555
320 20 323 7.70E-06 1.30E-06 1.55E-06 1.182 0.565
total =        65.593
percent recovery = 57
0WA3A Pul je-Input Through Clearvell
September 24,1989
chlorine Fcurve
time mY measured actual average moles cumulative (C/IUt) (check) meant (k»0.1194) Effective CT (r2»E»At) for ideal
(hours) reodinQ cone cone cone At recovered recovery C*At Ecurve E»At (t»E*At) Coexp(-kt) C»E»At*t variance CSTR
0.00 328 8.11E-06 O.OOE+OO 2.500 0.000
0.08 328 8.IIE-06 O.OOE*00 O.DOE+OO 0.08 0.000 0.000 0.00E*00 0.000 0.000 0.000 2.475 0.000 0.000 0.030
0.12 328 8.11E-06 O.OOE^OO O.OOE+OO 0.03 0.000 0.000 O.OOE+00 0.000 0000 0.000 2.465 0.000 0.000 0.042
0.17 328 8.t1E-06 O.OOE+00 O.OOE+00 0.05 0.000 0.000 O.OOE+OO 0.000 0.000 0.000 2.451 0.000 0.000 0.059
0.25 328 8.11 E-06 O.OOE+OO O.OOE+00 0.08 0.000 0.000 O.OOE+00 0.000 0.000 0.000 2.426 0.000 0.000 0.087
0.33 329 7.80E-06 -3.09E-O7 -1.55E-07 0.08 -0.016 0.000 -1.29E-08 0.000 2.402 0.000 0.000 0.114
0.42 325 9.11 E-06 1.00E-06 3.47E-07 0.08 . 0.036 0.000 2.89E-08 0.002 0.000 0.000 2.379 0.000 0.000 0.141
0.50 289 5.70E-05 2.89E-05 I.49E-05 0.08 1.531 0.006 1.24E-06 0.079 0.007 0.003 2.355 0.008 0.002 0.166
0.58 249 1,75E-04 1.67E-04 9.8 IE-05 0.08 10.049 0.045 8.17E-06 0.517 0.043 0.025 2.332 0.059 0.015 0.191
0.67 243 2.22E-04 2.13E-04 1.90E-04 0.08 19.519 0.121 1.59E-05 1.004 0.084 0.056 2.309 0.129 0.037 0.215
0.75 269 8.05E-05 7.24E-05 1.43E-04 0.08 14.650 0.178 1.19E-05 0.754 0.063 0.047 2.286 0.108 0.035 0.239
0.83 293 3.17E-05 2.35E-05 4.80E-05 0.08 4.919 0.197 4.00E-06 0.253 0.021 0.018 2.263 0.040 0.015 0.261
1.00 307 1.64E-05 1.02E-05 1.69E-05 0.17 3.464 0.210 2.82E-06 0.089 0.015 0.015 2.219 0.033 0.015 0.305
t.17 277 5.90E-05 5.09E-05 3.06E-05 0.17 6.267 0.234 5.09E-06 0.161 0.027 0.031 2.175 0.068 0.037 0.346
1.33 282 4.86E-05 4.0SE-05 4.57E-05 0.17 9.362 0.271 7.61 E-06 0.241 0.040 0.054 2.132 0.114 0.071 0.384
1.42 290 3.56E-05 2.75E-05 3.40E-05 0.08 3.481 0.284 2.83E-06 0.179 0.015 0.021 2.111 0.045 0.030 0.403
1.50 286 4.16E-05 3.35E-05 3.05E-05 0.08 3.122 0.296 2.54E-06 0.161 0.013 0.020 2.090 0.042 0.030 0.420
1.58 287 4.00E-05 3.19E-05 3.27E-05 0.08 3.348 0.309 2.72E-06 0.172 0.014 0.023 2.069 0.047 0.036 0.438
1.67 287 4.00E-05 3.I9E-05 3.19E-05 0.08 3.267 0.322 2.66E-06 0.168 0.014 0.023 2.049 0.048 0.039 0.455
1.83 285 4.32E-05 3.51 E-05 3.35E-05 0.17 6.865 0.349 5.58E-06 0.177 0.029 0.054 2.009 0.108 0.099 0.487
2.00 283 4.67E-05 3.86E-05 3.69E-05 0.17 7.555 0.378 6.14E-06 0.194 0.032 0.065 1.969 0.128 0.130 0.517
2.17 281 5.05E-05 4.24E-05 4.05E-05 0.17 8.301 0.410 6.75E-06 0.214 0.036 0.077 1.930 0.149 0.167 0.545
2.33 284 4.49E-0S 3.68E-05 3.96E-05 0.17 8.117 0.442 6.60E-06 0.209 0.035 0.081 1.892 0.154 0.189 0.572
2.50 284 4.49E-05 3.68E-05 3.68E-05 0.17 7.550 0.471 6.14E-06 0.194 0.032 0.081 1.855 0.150 0.202 0.597
2.67 280 5.25E-05 4.44E-05 4.06E-05 0.17 8.324 0.503 6.77E-06 0.214 0.036 0.095 1.818 0.173 0.254 0.621
2.83 281 5.05E-05 4.24E-05 4.34E-05 0.17 8.894 0.538 7.23E-06 0.229 0.038 0.108 1.782 0.193 0.306 0.643
3.00 286 4.16E-05 3.35E-05 3.79E-05 0.17 7.774 0.568 6.32E-06 0.200 0.033 0.100 1.747 0.175 0.300 0.664
3.17 286 4.16E-05 3.35E-05 3.35E-05 0.17 6.859 0.594 5.58E-06 0.176 0.029 0.093 1.713 0.159 0.295 0.684
3.33 286 4.16E-05 3.35E-05 3.35E-05 0.17 6.858 0.621 5.58E-06 0.176 0.029 0.098 1.679 0.165 0.327 0.702
3.50 283 4.67E-05 3.86E-05 3.60E-05 0.17 7.386 0.650 6.00E-06 0.190 0.032 0.111 1.646 0.182 0.388 0.720
3.67 290 3.56E-05 2.75E-05 3.30E-05 0.17 6.773 0.676 5.51 E-06 0.174 0.029 0.106 1.614 0.172 0.390 0.736
3.83 296 2.e2E-05 2.01 E-Q5 2.38E-05 0.17 4.870 0.695 3.96E-06 0.125 0.021 0.080 1.582 0.127 0.307 0.752
4.00 300 2.41E-05 1.60E-05 1.80E-05 0.17 3.696 0.709 3.00E-06 0.095 0.016 0.063 1.551 0.098 0.253 0.766
4.17 299 2.51E-05 1.70E-05 1.6SE-05 0.17 3.378 0.722 2.75E-06 0.087 0.014 0.060 1.520 0.092 0.251 0.780
4.33 296 2.82E-05 2.0 IE-05 1.85E-05 0.17 3.794 0.737 3.08E-06 0.098 0.016 0.070 1.490 0.105 0.305 0.793
4.67 298 2.61E-05 1.79E-05 1.90E-05 0.33 7.791 0.767 6.33E-06 0.100 0.033 0.156 1.432 0.223 0.727 oej7
5.00 296 2.82E-05 2.01 E-05 1.90E-05 0.33 7.791 0.797 6.33E-06 0.100 0.033 0.167 1.376 0.230 0.835 0.838
5.50 304 2.06E-05 1.25E-05 1.63E-05 0.5 10.019 0.836 8.14E-06 0.086 0.043 0.236 1.296 0.306 1.299 0.865
6.00 309 l,70E-05 8.87E-06 1.07E-05 0.5 6.580 0.862 5.35E-06 0.056 0.028 0.169 1.221 0.207 1.015 0.887
6.50 310 I.63E-05 8.23E-06 8.55E-06 0.5 5.259 0.882 4.28E-06 0.045 0.023 0.147 1.150 0.169 0.952 0.906
7.00 324 9.47E-06 1.37E-06 4.80E-06 0.5 2.950 0.893 2.40E-06 0.025 0.013 0.089 1.084 0.096 0.620 0.922
8.00 326 8.76E-06 6.56E-07 1.01E-06 1 1.243 0.898 1.01E-06 0.005 0.005 0.043 0.962 0.041 0.341 0.945
9.00 325 9.t1E-06 I.OOE-06 8.30E-07 1 1.021 0.902 8.30E-07 0.004 0.004 0.039 0.854 0.034 0.355 0.962
9.50 325 9.11E-06 1.00E-06 I.OOE-06 0.5 0.617 0.905 5.02E-07 0.005 0.003 0.025 0.804 0.020 0.239 0.968
moles recovered: 233.279
moles added: 257.87 ICAt- 0.00019 1.000 2.750 mg/1-hour: 4.393 3.345
percent recovery: 90.5 mg/l-min: 264 N - 0.44
ORANGE WATER AND SEWER AUTHORITY FILTRATION PUNT    (TEST ^ 2^)
Pulse-Input test through filters, August 15,1989
time mY measured actual average moles F cumulative
(min) readlna cone cone cone dt recovered recovery
0 304 4.40E-06 O.OOE+OO
3 300 5.70E-06 1.30E-06 6.50E-07 3 0.01 0.000
6 213 2.44E-04 2.40E-04 1.21 E-04 3 1.45 0.004
9 192 5.58E-04 5.54E-04 3.97E-04 3 4.76 0.018
11 180 8.95E-04 8.91 E-04 7.23E-04 2 5.77 0.035
13 172 1.23E-03 1.22E-03 1.06E-03 2 8.44 0.060
15 166 1.55E-03 1.55E-03 1.39E-03 2 11.07 0.093
17 167 1.49E-03 1.49E-03 1.52E-03 2 12.14 0.129
19 168 1.44E-03 1.43E-03 1.46E-03 2 11.67 0.164
21 169 1.38E-03 1.38E-03 1.40E-03 2 11.22 0.197
23 173 1.18E-03 1.18E-03 1.28E-03 2 10.19 0.227
25 178 9.69E-04 9.64E-04 1.07E-03 2 8.55 0.252
27 180 8.95E-04 8.91 E-04 9.28E-04 2 7.41 0.274
29 186 7.07E-04 7.03E-04 7.97E-04 2 6.37 0.293
32 191 5.81 E-04 5.76E-04 6.40E-04 3 7.67 0.316
35 197 4.59E-04 4.54E-04 5.15E-04 3 6.18 0.334
38 204 3.48E-04 3.44E-04 3.99E-04 3 4.78 0.348
41 210 2.75E-04 2.71 E-04 3.07E-04 3 3.68 0.359
45 217 2.09E-04 2.04E-04 2.37E-04 4 3.79 0.370
50 222 1.71E-04 1.67E-04 1.86E-04 5 3.71 0.381
55 229 1.30E-04 1.26E-04 1.46E-04 5 2.92 0.390
60 233 1.11E-04 1.07E-04 1.16E-04 5 2.32 0.397
70 240 8.44E-05 8.00E-05 9.34E-05 10 3.73 0.408
80 245 6.93E-05 6.49E-05 7.25E-05 10 2.90 0.416
90 249 5.92E-05 5.48E-05 5.99E-05 10 2.39 0.423
total moles recovered = 143.13
total moles added = 338
recovery = 42^
Pulse-Input lestthrough entire plant, August 15,1989       (Tts-r^)
time mY measured actual average moles F cumulative
(hour) read!no cone cone cone dt recovered recovery
0.00 306 3.80E-06 O.OOE+00
0.25 305 4.20E-06 4.00E-07 2.00E-07 0.25 0.06 0.000
0.50 304 4.40E-06 6.00E-07 5.00E-07 0.25 0.15 0.001
1.00 267 2.92E-05 2.54E-05 1.30E-05 0.50 7.78 0.024
1.50 267 2.92E-05 2.54E-05 2.54E-05 0.50 15.20 0.069
2.00 267 2.92E-05 2.54E-05 2.54E-05 0.50 15.20 0.114
2.50 268 2.80E-05 2.42E-05 2.48E-05 0.50 14.86 0.158
3.00 270 2.59E-05 2.21E-05 2.32E-05 0.50 13.89 0.199
3.50 271 2.49E-05 2.11E-05 2.16E-05 0.50 12.96 0.237
4.00 274 2.21E-05 1.83E-05 1.97E-05 0.50 11.82 0.272
4.50 275 2.13E-05 1.75E-05 1.79E-05 0.50 10.74 0.304
5.00 277 1.97E-05 1.59E-05 1.67E-05 0.50 10.00 0.333
5.50 277 1.97E-05 1.59E-05 1.59E-05 0,50 9.51 0.361
6.00 276 2.05E-05 1.67E-05 1.63E-05 0.50 9.75 0.390
6.50 280 1.75E-05 1.37E-05 1.52E-05 0.50 9.09 0.417
7.00 280 1.75E-05 1.37E-05 1.37E-05 0.50 8.20 0.441
8.00 281 1.68E-05 1.30E-05 1.33E-05 1.00 16.00 0.489
^    9.00;   n   io.oo
289 1.23E-05 8.47E-06 1.07E-05 1.00 12.87 0.527
292 1.09E-05 7.10E-06 7.79E-06 1.00 9.33 0.555
12.00 297 8.95E-06 5.15E-06 6.13E-06 2.00 14.69 0.598
|                 14.00 303 4.60E-06 8.00E-07 2.98E-06 2.00 7.14 0.619
|                 17.35 306 3.80E-06 O.OOE+OO 4.00E-07 3.35 1.61 0.624
total moles recovered = 210.86
total moles added = 338
i recovery =62^
OWASA Pulse-Input Through Filter Using Fluoride
September 21,1989
(-rg'^T'^4)
time mV measured actual average moles
(min) reading cone cone cone
dt recovered
0 317 7.30E-06 O.OOE+00
3 315 8.00E-06 7.00E-07 3.50E-07 3 0.004
6 317 7,30E-06 0,00E+00 3,50E-07 3 0,004
9 305 1.50E-05 7.70E-06 3.85E-06 3 0.049
11 297 2.38E-05 1.65E-05 1.21E-05 2 0.103
13 286 4.00E-05 3.27E-05 2.46E-05 2 0.209
15 277 5.90E-05 5.17E-05 4.22E-05 2 0.359
17 274 6.70E-05 5.97E-05 5.57E-05 2 0.474
19 272 7.30E-05 6,57E-05 6.27E-05 2 0.534
21 273 6.90E-05 6.17E-05 6.37E-05 2 0.542
23 277 5.90E-05 5.17E-05 5.67E-05 2 0.483
25 278 5,60E-05 4,87E-05 5.02E-05 2 0,428
27 281 5.00E-05 4.27E-05 4,57E-05 2 0,389
29 284 4.40E-05 3.67E-05 3.97E-05 2 0.338
32 288 3.65E-05 2,92E-05 3,30E-05 3 0.421
35 291 3.15E-05 2.42E-05 2.67E-05 3 0.341
38 294 2,72E-05 1,99E-05 2.21E-05 3 0.282
41 297 2.38E-05 1.65E-05 1,82E-05 3 0,232
45 299 2.10E-05 1.37E-05 1.51E-05 4 0.257
50 303 1.62E-05 8.90E-06 1,13E-05 5 0.241
55 305 1.50E-05 7.70E-06 8.30E-06 5 0.177
60 307 1.31E-05 5.80E-06 6.75E-06 5 0.144
70 310 1.08E-05 3.50E-06 4.65E-06 10 0,198
80 313 8.90E-06 1.60E-06 2.55E-06 10 0.109
90 314 8.50E-06 1.20E-06 1.40E-06 10 0.060
moles recovered: 6.379
moles added; 35.97
percent recovered; 18
• •
Sodium Andipls. 9/21/89 Trwer T«t at OWASA
act. cone chlorine effective
time abMrtencereadinp average average - measured (minus grams cumulative (C/ICaO meant (check) variance k-0.0496 CT model
mln At 1 2 3 reading blank cone backqrnd) averaoe recovered recoverq C»At Ecurve (t»E»At) E»At VZ*l*i\ C.mq/1 (E^aW) 4CSTRS
0 325 316 305 315 277. 5.637 0.520 5.000 0.000
3 3 296 309 302 302 264 5.393 0.276 0.398 5.084 0.004 1.19 0.001 0.013 0.004 0.04 4.309 0.056 0.003
6 3 411 432 435 426 388 7.718 2.601 1.438 18.372 0.020 4.31 0.005 0.093 0.016 0.56 3.713 0.346 0.029
9 3 388 362 378 376 340 14.127 9.010 5.806 74.160 0.082 17.42 0.021 0.564 0.063 5.07 3.200 1.804 0.095
11 2 431 492 477 467 431 17.808 12.691 10.851 92.407 0.160 21.70 0.039 0.859 0.078 9.45 2.897 2.488 0.160
13 2 557 585 522 555 519 21.381 16.264 14.478 123.294 0.265 28.96 0.052 1.354 0.104 17.60 2.624 3.553 0.237
15 2 S08 536 505 516 480 19.825 14.708 15.486 131.880 0.376 30.97 0.056 1.671 0.111 25.07 2.376 3.971 0.321
17 2 467 463 484 471 435 17.998 12.881 13.794 117.473 0.475 27.59 0.050 1.687 0.099 28.68 2.152 3.630 0.406
19 2 496 458 494 483 447 18.458 13.341 13.111 111.653 0.570 26.22 0.047 1.792 0.094 34.05 1.948 3.492 0.489
21 2 446 467 445 453 417 17.240 12.123 12.732 108.426 0.661 25.46 0.046 1.923 0.092 40.39 1.764 3.394 0.566
23 2 343 340 359 347 311 12.964 7.847 9.985 85.031 0.733 19.97 0.036 1.652 0.072 38.00 1.598 2.640 0.637
25 2 307 327 316 317 281 11.718 6.601 7.224 61.520 . 0.785 14.45 0.026 1.299 0.052 32.48 1.447 1.880 0.700
27 2 268 264 265 266 230 9.648 4.531 5.566 47.401 0.825 11.13 0.020 1.081 0.040 29.19 1.310 1.417 0.754
29 2 242 254 236 244 208 8.768 3.651 4.091 34.839 0.854 8.18 0.015 0.853 0.029 24.75 1.187 1.013 0.801
32 3 432 446 423 434 396 7.862 2.745 3.198 40.851 0.889 9.59 0.012 1.104 0.035 35.34 1.022 1.129 0.857
35 3 410 404 391 402 364 7.260 2.143 2.444 31.220 0.915 7.33 0.009 0.923 0.026 32.31 0.881 0.813 0.899
38 3 386 323 355 355 317 6.377 1.260 1.701 21.734 0.934 5.10 0.006 0.698 0.018 26.51 0.759 0.530 0.930
41 3 336 360 376 357 319 6.427 1.310 1.285 16.411 0.947 3.85 0.005 0.568 0.014 23.30 0.654 0.372 0.952
45 4 331 324 322 326 288 5.831 0.714 1.012 17.238 0.962 4.05 0.004 0.655 0.015 29.49 0.537 0.352 0.971
50 5 308 305 311 308 270 5.499 0.382 0.548 11.675 0.972 2.74 0.002 0.493 0.010 24.66 0.419 0.206 0.985
55 5 312 315 299 309 271 5.512 0.395 0.389 8.273 0.979 1.94 0.001 0.384 0.007 21.14 0.327 0.126 0.993
60 5 301 296 305 301 263 5.361 0.244 0.320 6.805 0.985 1.60 0.001 0.345 0.006 20.69 0.255 0.088 0.996
70 to 279 314 306 300 262 5.343 0.226 0.235 10.008 0.993 2.35 0.001 0.592 0.008 41.43 0.155 0.092 0.999
80 10 280 292 303 292 254 5.192 0.075 0.150 6.405 0:998 1.50 0.001 0.433 0.005 34.63 0.095 0.041 1.000
90 10 280 266 317 288 250 5.117 0.000 0.038 1.602 1.000 0.38 0.000 0.122 0.001 10.96 0.058 0.007 1.000
grama recovered: 1184 mg/l-min: 33
moles recovered: 51.50 ICaI- 278.01 21.16 1.000 586
moles added: 51.15
percent recovery: 100.68 variance > 138
0.1658 0.276753 N-3.24
